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ABSTRACT OF THE DISSERTATION
Materials and Surface Processes at Gale Crater and the Moons of Mars
Derived from High Spatial and Spectral Resolution Orbital Datasets
by
Abigail Ann Fraeman
Doctor of Philosophy in Earth & Planetary Sciences
Washington University in St. Louis, 2014
James S. McDonnell Distinguished University Professor Raymond Arvidson, Chair

The compositions of terrestrial planetary bodies reflect the geologic processes that have
shaped them over time. This thesis is a collection of studies that use orbital remote sensing data
to investigate the composition and geologic histories of Mars’ moons, Phobos and Deimos, and
Mt. Sharp, the destination for the Curiosity Mars rover. A final chapter focuses on Curiosity
data and terrestrial analog studies to supplement orbital predictions about Mt. Sharp.
Disk-resolved hyperspectral observations of Phobos acquired at a range of lighting and
viewing geometries are fit with a Hapke photometric function to solve for the single particle
phase function and single scattering albedos of Phobos and also disk-resolved hyperspectral
observations of Deimos. Fe2+ electronic absorptions diagnostic of olivine and pyroxene are not
detected. A broad absorption centered on 0.65 µm within the red spectral units of both moons is
seen, and this feature is also evident in telescopic, Pathfinder, and Phobos-2 observations of
Phobos. A 2.8 μm metal-OH combination absorption on both moons is also detected, and this
absorption is shallower in the Phobos blue unit than in the Phobos red unit and Deimos. The
strength, position, and shape of both absorptions are similar to features seen on low-albedo

xi

primitive asteroids. Two end-member hypotheses could explain these spectral features: the
presence of highly desiccated Fe-phyllosilicate minerals indigenous to the bodies, or Rayleigh
scattering and absorption of small iron particles formed by exogenic space weathering
processing, coupled with implantation of H from solar wind.

Phobos' and Deimos' low

reflectances, lack of mafic absorption features, and red spectral slopes are incompatible with
even highly space weathered chondritic or basaltic compositions. These results, coupled with
similarities to laboratory spectra of Tagish Lake (possible D-type asteroid analog) and CM
carbonaceous chondrite meteorites, show that Phobos and Deimos have primitive compositions.
If the moons formed in situ rather than by capture of primitive bodies, primitive materials must
have been added to the Martian system during accretion or a late stage impact.
Oversampled visible/near-infrared hyperspectral data over Mt. Sharp in Gale Crater are
used to generate spatially sharpened maps of the location of red crystalline hematite within the
uppermost stratum of a ~6.5 km long ridge on the mound's northern flank. Emplacement of the
hematite is hypothesized to result either from exposure of anoxic Fe+2-rich groundwater to an
oxidizing environment or from in place weathering of precursor silicate materials under
oxidizing conditions. Although at the time of writing the rover is still ~6 km north of the ridge,
high resolution color imaging and low resolution spectral remote sensing data of the ridge
collected by Curiosity are consistent with orbital observations. When Curiosity does arrive at the
ridge, it is well equipped to distinguish between predicted end-member textural scenarios for
ridge materials, which will be essential to understand its formation and evolution.

xii

Chapter 1: Introduction to the Dissertation
The compositions of terrestrial planetary bodies reflect the geologic processes that have
shaped them over time. On Mars for example, hydrated silicates are generally found only in the
planets’ oldest rocks, and this has been interpreted to illustrate a global transition from an early
wet Mars that experienced extensive aqueous alteration to the cold and dry Mars of today
[Bibring et al., 2006; Mustard et al., 2008]. Gale Crater was selected as the landing site for the
Curiosity Mars Rover largely because orbital data showed the ~5 km tall stack of sedimentary
material in the crater’s center, Mt. Sharp, contains phyllosilicates and sulfates overlain by
anhydrous minerals, suggesting this period of dramatic environmental change is preserved in the
mound's layers [Milliken et al., 2010; Thomson et al, 2011]. Curiosity’s detailed surface
investigation of Mt. Sharp will reveal a great deal about changing conditions on early Mars, and
in turn, the potential for the planet to have supported developing life.
The compositions of Mars’ moons, Phobos and Deimos, not only preserve a record of
space weathering processes that have modified their surfaces over billions of years, but they are
also a direct indicator of the mechanism that formed these bodies. One of the longstanding,
unresolved questions of planetary science is whether Phobos and Deimos formed in situ around
Mars either through co-accretion or giant impact [Burns, 1992, Safronov, 1986], or if they are
captured asteroids that originated from elsewhere in the solar system [Hunten, 1979; Sasaki,
1990]. The key to unlocking this mystery will be to determine whether the moons are composed
of materials expected to be native to the Martian system or if they are made of something more
exotic that could only have arrived from another location [e.g. Murchie et al., 2014].
This thesis is a collection of three published chapters that use orbital remote sensing data
to investigate the composition and geologic histories of Mars’ moons and Mt. Sharp. A fourth
1

chapter focuses on rover and terrestrial analog data to supplement the orbital predictions about
Mt. Sharp. The foundation of this work is based on data collected by two visible to near infrared
(VNIR) imaging spectrometers that measure composition remotely and that are currently orbiting
Mars: the Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA) [Bibring et
al., 2004] on ESA’s Mars Express mission, and the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) [Murchie et al., 2007] on NASA’s Mars Reconnaissance
Orbiter. Over the last ten years, these instruments have collected the highest spatial and spectral
resolution datasets of Mars and its moons ever acquired.
Chapters 2 and 3 of this thesis focus on CRISM and OMEGA disk-resolved observations
of Phobos and Deimos. At the time these observations were collected, the moons’ compositions
were poorly constrained despite multiple targeted Earth- and space-based campaigns [Rivkin et
al., 2007 and references therein]. Determining Phobos’ and Deimos’ surface compositions
remotely has proven to be challenging in part because spectral observations of the moons are
acquired at a variety of lighting conditions, which makes it difficult to compare them to
laboratory spectra of well-characterized samples collected under controlled lighting conditions.
In Chapter 2, OMEGA data are analyzed to understand how the behavior of the Phobos’ spectra
change with viewing geometry, and this knowledge is used to model both the CRISM and
OMEGA Phobos and Deimos spectra as they would appear in a laboratory setting. The analysis
in this chapter robustly demonstrates that Phobos and Deimos likely have primitive compositions
because they are spectrally similar to CM carbonaceous chondrites or to the unusual chondrite,
Tagish Lake. If the moons formed in situ rather than by capture of primitive bodies, primitive
materials must therefore have been added to the Martian system during accretion or a late stage
impact.

2

Another reason Phobos’ and Deimos’ composition is difficult to ascertain remotely is
because their spectra lack strong diagnostic absorptions. In chapter 3, two subtle absorption
features that were detected for the first time using the high-resolution CRISM observations are
discussed. The strength, position, and shape of both absorptions are similar to features seen on
red-sloped, low-albedo primitive asteroids, which is consistent with the moons’ having primitive
compositions. Two end-member hypotheses are presented to explain the specific phases that are
likely causing these features; the first invokes the presence of highly desiccated Fe-phyllosilicate
minerals indigenous to the bodies, and the second appeals to small iron particles formed by
exogenic space weathering processing coupled with implantation of H from solar wind. Both
end-member hypotheses may play a role,and in situ exploration will be needed to ultimately
determine the underlying causes for this pair of spectral features.
Chapters 4 and 5 shift to a discussion of the composition of materials in Gale Crater on
Mars, specifically focusing on the mapping and implications of a hematite-bearing layer located
near the bottom of Mt. Sharp. In Chapter 4, a new technique for collecting CRISM data at
spatial resolutions up to 3x higher than initially used to map minerals in Mt. Sharp is developed,
and one of the first discoveries made from these high spatial resolution data, that crystalline
hematite is closely associated with a ridge in lower Mt. Sharp, is discussed. The mapping detail
afforded by the increased spatial resolution CRISM data leads to the development of two
hypotheses about the formation mechanisms for this highly localized hematite deposit, and both
scenarios imply that the ridge may be a previously habitable environment. The ridge is now
considered a high priority target for future investigation by Curiosity because of the results
discussed in this chapter [Grotzinger et al., 2014].
Chapter 5 is not designed to be submitted for publication as it is written in this thesis, but

3

it will be presented to the Curiosity science team to help with initial strategic planning
and to provide a basis for subsequent team discussion when Curiosity approaches the hematite
ridge. This chapter is focused on observations Curiosity has made and will make of the ridge to
supplement the orbital observations. Although at the time of writing the rover is still ~6 km to
the north of the ridge, high resolution color imaging and low resolution spectral remote sensing
data of the ridge collected by Curiosity are consistent with the orbital observations described in
Chapter 4. Once Curiosity does reach Mt. Sharp, strategic path planning to reach the hematiterich ridge top will be necessary to find a traversable route that provides access to the most
scientifically rewarding targets. A future detailed in situ campaign is proposed based on
analyses of orbital data, investigations of terrestrial iron oxide and oxyhydroxide samples, and
previous experience of Curiosity’s investigations at Yellowknife Bay [Grotzinger et al., 2014].
The work in these chapters was led by A. A. Fraeman with guidance from her academic
advisor, R. E. Arvidson. Specific inputs from additional co-author were as follows:


Chapter 2: S. Murchie provided the CRISM dataset, extensive discussions, and
significant input to the text, A. Rivkin helped with extensive discussions, J-P.
Bibring and B. Gondet provided the OMEGA dataset and discussion, D. Humm
helped calibrate the CRISM observations, T. Choo calculated viewing geometries
for the CRISM observations, N. Manaud calculated viewing geometries for the
OMEGA observations, and R. Kuzmin and E. Zabalueva provided results from
thermal models of Phobos' surface that corresponded with the CRISM and
OMEGA observations.



Chapter 3: S. Murchie provided extensive discussion, significant input for the
text, and was the first to report the discovery of a 0.65 μm feature, R. Clark
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provided extensive discussion, the radiative transfer models of nanophase iron to
reproduce the 0.65 μm feature, and methods for surface temperature estimation,
R. Morris provided extensive discussion, input for the text, and libraries of
laboratory spectra for comparison to the 0.65 μm feature, and A. Rivkin and F.
Vilas provided discussion about asteroid spectra.


Chapter 4: J. Catalano provided extensive discussion about geochemical processes
responsible for hematite formation and inputs to the text, R. Morris provided
extensive discussion, input to the text, and his spectral library of wellcharacterized iron oxides, J. Grotzinger and S. Murchie contributed to general
discussion, K. Stack calculated strike and dip measurements, J. McGovern was
instrumental in helping to develop the CRISM oversampling scheme, and F.
Seelos, K. Seelos, and C. Viviano provided discussion and improvements in
CRISM parameter mapping.

Chapter 2 has been published in the Journal of Geophysical Research [Fraeman et al., 2012],
Chapter 3 has been published in Icarus [Fraeman et al., 2014], and Chapter 4 has been published
in Geology [Fraeman et al., 2013].
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Chapter 2: Analysis of Disk-Resolved OMEGA and CRISM
Spectral Observations of Phobos and Deimos
Associated Publication: Fraeman, A., Arvidson, R., Murchie, S., Rivkin, A.,
Bibring, J-P. Choo, T., Gondet, B., Humm, D., Kuzmin, R., Manaud, N.,
Zabalueva, E. 2012. “Analysis of disk-resolved OMEGA and CRISM spectral
observations of Phobos and Deimos,” Journal of Geophysical Research, 117,
doi:10.1029/2012JE004137.

ABSTRACT
Disk-resolved observations of Phobos acquired by OMEGA at a range of lighting and
viewing geometries were fit with the Hapke photometric function to solve for the single particle
phase function and single scattering albedos from 0.4 to 2.5 µm. Single scattering albedos were
recovered from CRISM observations of Phobos using the OMEGA derived single particle phase
function and are similar to those from OMEGA data. Both the ubiquitous red unit and the blue
unit around the crater Stickney exhibit a smooth red-sloped spectrum, with a steeper continuum
in the redder unit. Single scattering albedos retrieved from CRISM measurements of Deimos are
similar to those for the red unit on Phobos. Retrieval of single scattering albedos from OMEGA
data at 2.8 to 5.0 µm has greater uncertainty, but results in this wavelength range are also
consistent with a smooth, red-sloped spectrum. Phobos' and Deimos' low reflectances, lack of
mafic absorption features, and red spectral slopes are incompatible with even highly space
weathered chondritic or basaltic compositions. These results, coupled with similarities to
laboratory spectra of Tagish Lake (possible D-type asteroid analog) and CM carbonaceous
chondrite meteorites, show that Phobos and Deimos have primitive compositions. If the moons
formed in situ rather than by capture of primitive bodies, primitive materials must have been
added to the Martian system during accretion or a late stage impact.
9

2.1 INTRODUCTION
Mars' moons Phobos and Deimos are small, irregularly shaped, low-density bodies with
low albedos and spectra similar to D-type asteroids common in the outer main asteroid belt and
outer solar system [e.g. Burns, 1992; Murchie and Erard, 1996; Rivkin et al., 2002 and
references therein]. The compositions of Phobos and Deimos are poorly understood, although
proposed formation mechanisms for the moons can help constrain their probable make-up.
There are two main classes of models to explain the origin of the Martian moons: capture or
formation in Mars orbit. Capture of dark, low-density objects from the outer solar system
[Burns, 1978; Hartmann, 1990] would explain Phobos' and Deimos' low densities and albedos,
but this scenario is considered unlikely given that dynamical models for capture require specific
conditions, including aerodynamic drag by an early Mars proto-atmosphere [Hunten, 1979;
Sasaki, 1990]. If they are captured bodies, the moons' orbits are also difficult to explain
dynamically because both are circular; Phobos spirals toward Mars, while Deimos spirals out. In
his review of orbital constraints on the moons' origins, Burns [1992] concluded that formation in
situ was favored dynamically. In situ formation hypotheses include formation by co-accretion
with Mars [Safronov et al., 1986] and formation resulting from a giant impact on Mars
[Craddock, 2011].
Together, these origin hypotheses result in Phobos and Deimos having one of three likely
compositions: (1) primitive, undifferentiated compositions dominated by phyllosilicates with Ccontaining phases, similar to CM-type carbonaceous chondrites [Brearley and Jones, 1998] or to
the more primitive Tagish Lake meteorite, commonly thought to be a compositional analog to Dtype asteroids [Brown et al., 2000; Hiroi et al., 2001], (2) compositions resembling predifferentiated, bulk Mars, which is expected to be mainly composed of ordinary chondrites with

10

a minor carbonaceous chondrite component and dominated by olivine and pyroxene minerals
[Lodders and Fegley, 1998], or (3) basaltic compositions similar to the Martian crust and upper
mantle, also dominated by olivine and pyroxene minerals.
In this chapter, we evaluate the compositions of Phobos and Deimos using disk-resolved
imaging spectrometer measurements of Phobos covering 0.4 to 5.0 μm acquired by the
Observatoire pour la Mineralogie, l'Eau, les Glaces et l'Activité (OMEGA) onboard Mars
Express (MEx) [Bibring et al., 2004], and measurements of both moons covering 0.4 to 2.7 μm
acquired by the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars
Reconnaissance Orbiter (MRO) [Murchie et al., 2007]. Although CRISM data extend to 3.9 μm,
we restrict our CRISM analyses to shorter wavelengths pending resolution of radiometric
calibration artifacts at longer wavelengths [Murchie et al., 2009]. OMEGA observations of
Phobos acquired at a range of lighting and viewing conditions for Phobos are used to retrieve
single scattering albedos and single particle phase functions using the Hapke photometric
function [Hapke, 1993]. These functions are then used to simulate single scattering albedo values
for CRISM observations to directly compare the two data sets and to determine if Deimos has
similar spectral properties as Phobos. Finally, we compare the moons with telescopic and
laboratory spectra in order to assess proposed compositions and discuss implications.
2.2 OVERVIEW OF DATA SETS
OMEGA is a suite of three spectrometers: a visible (V) channel (0.35 µm to 1 µm), a
short wavelength infrared (SWIR-C) channel (1 µm to 2.5 µm), and a medium wavelength
infrared L (SWIR-L) channel (~2.8 µm to 5 µm) [Bibring et al., 2004]. OMEGA acquired ten
disk-resolved observations of Phobos over a period from May 2004 through January 2011 (Table
2.1), six of which contain high-quality data in both the V and C channels. The remaining four
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observations are either V-only or were taken late in the instrument's lifetime and contain a
number of degraded spectral channels within the C channel. The OMEGA measurements of
Phobos have spatial sampling from 120 m/pixel to 2200 m/pixel and provide broad coverage of
both the sub- and anti-Mars hemispheres of Phobos (Fig. 2.1).

In addition, High Resolution

Stereo Camera (HRSC) images acquired in conjunction with the OMEGA observations provide
morphologic context for the OMEGA observations (Table 2.1, Fig. 2.1).
CRISM is a suite of two high spatial resolution spectrometers, a visible/near-infrared
(VNIR) channel from 0.4 to 1.0 µm and an infrared (IR) channel from 1.0 to 3.9 µm, both have
spectral resolutions of ~6.55 nm/channel [Murchie et al., 2007]. The CRISM Phobos dataset
consists of three observations acquired in succession on 23 October 2007 at an average phase
angle of 41°, spatial sampling of 350 m/pixel, and covering approximately the same region in the
western side of Phobos' sub-Mars hemisphere (Table 2.1, Fig. 2.2) [Murchie et al., 2008].
HiRISE observations provide high-resolution spatial context for the CRISM data, although the
HiRISE data were not acquired in coordination with the CRISM data (Table 2.1, Fig. 2.2)
[Thomas et al., 2011].
Previous work shows that there are two color or spectral units exposed on Phobos, a red
and a blue unit [e.g. Murchie and Erard, 1996; Rivkin et al., 2002]. The red unit covers most of
the surface of the moon and is characterized by low overall albedo and a red spectral slope. The
blue unit is exposed on and near the 9-km diameter crater Stickney and has spectral properties
similar to the ubiquitous red unit, but with a less red spectral slope. Regions of interest (ROIs)
within these two units and in Stickney crater are shown in figures 2.3 and 2.4.
To utilize both the CRISM and OMEGA data sets over as much of their spectral range as
possible, we need to explicitly model the spectrophotometry and both the reflected solar and
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emitted thermal radiation. For example, Fig. 2.3 shows averaged radiance spectra from OMEGA
data between 0.4 to 5.0 μm covering portions of the same region on the sub-Mars hemisphere of
Phobos. For illustrative purposes, scattered solar irradiance is plotted assuming a Lambert
Albedo of 0.05, and thermal emission is shown for a selection of surface kinetic temperatures
within the range predicted using models by Kuzmin and Zabalueva [2003] for the times and
locations of the OMEGA observation. These relatively simple approximations to the spectral
radiances for Phobos demonstrate that the transition between solar scattered light and emission
dominated spectra occurs longwards of ~2.7 μm.

At these longer wavelengths

spectrophotometric models must account for the presence of both scattered solar irradiance and
thermal emission. It is thus appropriate to begin the analyses using the OMEGA V and C data
(0.4 to 2.5 μm) and to then separately turn attention to the L data (2.8 to 5.0 μm).
Fig. 2.4 shows I/F spectra (radiance/(solar irradiance/π)) for OMEGA and CRISM data of
approximately the same regions on Phobos. The spectra from the CRISM observation are
brighter than spectra from the OMEGA observations because the CRISM data were acquired at a
lower phase angle (41°) than the OMEGA observation (63°), and the surface of Phobos is known
to be backscattering and thus darkens with increasing phase angle [Simonelli et al., 1998]. Both
sets of spectra brighten nearly monotonically with increasing wavelength and exhibit a large
thermal emission at longer wavelengths, consistent with radiance spectra shown in Fig. 2.3.
Marsshine is present in the sub-Mars facing data for OMEGA data (CRISM observations were
taken on the night side of Mars); based on analyses by Goguen et al., [1979], Marsshine in the
OMEGA observations is only at most few percent of the radiance and to first order can be
ignored.
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CRISM collected for the first time spatially resolved imaging spectrometer measurements
of Deimos in June 2007 [Murchie et al., 2008]. Three successive data sets were acquired
covering the sub-Martian hemisphere of Deimos at an average phase angle of 22° with a spatial
sampling ~1.2 km/pixel (Fig. 2.5). Because these observations were taken when Deimos was
over the night side of Mars, Marsshine has a negligible contribution to the measured radiance.
Fig. 2.6 shows the average I/F spectrum from the middle CRISM Deimos observation. There is
very little spectral variation from pixel to pixel within this observation except for spatially
varying thermal emission. The I/F increases nearly monotonically with wavelength and is similar
in magnitude to the I/F spectra of Phobos. As noted previously, here we restrict retrieval of
spectrophotometric properties for CRISM data to wavelengths <2.7 μm; inclusion of longer
wavelength data in Fig. 2.6 is illustrative and not meant to be quantitative.
2.3 RETRIEVAL OF SPECTROPHOTOMETRIC PROPERTIES
2.3.1 Overview
The broad phase angle coverage of the six OMEGA Phobos observations (Table 2.1)
allows us to derive spectrophotometric parameters for the V and C channels. OMEGA I/F,
equivalent to radiance factor r, may be modeled using Hapke's equation for bidirectional
radiance and directional emissivity expressed as a function of incidence angle i, emission angle
e, phase angle α, and kinetic temperature T, in the following manner for a given wavelength:

(2.1)
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where w is the average single scattering albedo, μ is the cosine of the emergence angle, μe and
µ0e are the effective cosines of the emergence and incidence angles respectively, B(α)models
the opposition-effect, p(g1) is the single particle phase function, H is an approximation for the
isotropic multiple scattering function, and S is the shadowing function defined by a macroscopic
roughness parameter,  [Hapke, 1993]. In addition, β0 is the Planck irradiance at a given
temperature T and J is the solar irradiance at the solar distance at the time of observation [Hapke,
2005].
The one-term Henyey-Greenstein single particle phase function is dependent only on
phase angle and one asymmetry parameter, g1, as

(2.2)

In this form, negative values of g1 are associated with backscattering material and positive values
indicate forward scattering material. We choose to fit the data using the one-term HenyeyGreenstein function rather than a more complex phase function in order to keep the number of
parameters to be fit at the minimum possible. The lack of low phase angle observations did not
allow us to constrain parameters associated with the opposition surge, B0 and h, so we adopted
the best fit values derived from Viking clear-filter data of 5.7 and 0.072 respectively [Simonelli
et al., 1998].

This selection has a minimal effect on the derived best-fit parameters as all

parameters are derived using phase angles greater than 35 degrees. The opposition surge is most
influential for observations at very small phase angles, less than ~15 degrees.
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2.3.2 Solar-dominated regime
Our approach was first to solve Equation 1 over the spectral region dominated by
scattered solar radiation, i.e., using data from the V and C channels. For the six OMEGA
observations we searched for the values of w, g1, and θ that would provide the best global
average fit for the surface of Phobos at selected wavelengths. A total of 38 spectra were selected
from each observation (the maximum number allowed given the observation with the fewest
available spectra), and the IDL subroutine MPFIT was used to find the combination of w, g1, and

θ values that best fit all of data at each selected wavelength. The incidence and emergence
angles for each spectrum used in the fit are presented in Fig 2.7, phase angles for the six
observations are listed in Table 2.1. Note that these fits are for all OMEGA data and thus should
be most relevant to the aerially dominant red unit surfaces.
MPFIT is a non-linear, least squares fitting function based on the Levenberg-Marquardt
algorithm [Moré, 1978; Markwardt, 2009].

This algorithm searches through a space of chi-

square values beginning with a set of initial parameter guesses and finds the parameter
combination associated with a local minimum in this chi-square parameter space by following
the steepest gradient in the space. Because different values of initial conditions may converge on
local minima chi-square values rather than the absolute minimum, we ran the models multiple
times using systematically varying initial values to ensure the resultant best-fit parameters truly
represented the absolute minimum chi-square value rather than a local minimum. The absolute
best-fit parameters are those with the smallest chi-square values.
Since the roughness parameter, θ, should be independent of wavelength, this value was
determined by first letting it vary freely at each selected wavelength. We found an average bestfit θ value of 14° over all wavelengths and subsequently heldθ fixed at this value while each
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wavelength was re-run with only w and g1 free to vary. We did not attempt to constrain
temperature as the contribution of thermal emission is negligible in the solar dominated
wavelength regime, i.e. β0(T,λ) ~ 0 for all reasonable surface temperatures. One-sigma
uncertainty values were assigned to the best-fit w and g1 values using a routine described by
[Cord et al., 2003] and adopted by [Johnson et al., 2006]. In this method, the parameter of
interest is held fixed in a series of values moving away from the best-fit value while other
parameters are allowed to vary freely. The one-sigma confidence level occurs when the resulting
chi-square of the best-fit model has doubled from its original value. In our case, the opposition
surge parameters B0 and h and roughness parameter θ were assumed to be fixed, so the only
parameters allowed to vary were either w or g1. For a well-constrained parameter the chi-square
value increases quickly as that parameter is forced to move away from its best-fit value.
Conversely, changing the values of a poorly constrained parameter will result in only a gradual
increase of chi-square values. For a more detailed description and validation of this method see
[Cord et al., 2003] and [Johnson et al., 2006].
Fig. 2.8 shows the wavelength-dependent, global average best-fit values for single
scattering albedo for Phobos at selected wavelengths. Single scattering albedos increase
monotonically with wavelength, beginning with values of ~0.05 at 0.45 µm and increasing to
~0.15 at 2.5 µm. The results at shorter wavelengths are consistent with previous photometric
studies based on clear-filter Viking data centered at 0.54 µm and Hubble Space Telescope
observations from 0.41-1.042 µm [Simonelli et al., 1998; Cantor et al., 1999]. The best-fit
asymmetry parameter was found to be wavelength independent, with a value of -0.28±0.3,
indicative of a backscattering surface. The phase function is most sensitive to changing g1 values
for phase angles ≤50° and ≥100° [Helfenstein and Veverka, 1989] whereas four of the six
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OMEGA observations analyzed were made at phase angles between 50° to 100° (Table 2.1).
Thus the large uncertainty in estimating g1 is not unexpected. We note that regolith-covered
planetary surfaces have been modeled using values of g1 between -0.20 and -0.40 [e.g., Clark et
al., 2002a], providing assurance that our results are reasonable.
The ability of the Hapke Function to model the OMEGA and CRISM data for the Phobos
red unit is shown in Fig. 2.9. Here spectra of similar regions in both data sets have been recast to
single scattering albedo by solving equation 2.1 using measured I/F values, known viewing
geometries, and the OMEGA derived best fit phase function and roughness parameter. The
similarity in the single scattering albedo spectra indicates that the two instruments provide
comparable measurements of sunlight scattered from the surface and that the photometric model
represents how light is scattered as a function of lighting and viewing geometries to within stated
formal uncertainties. Given that we have derived a global spectrophotometric model of Phobos
from OMEGA data that also works for CRISM data and that previous photometry studies have
suggested Phobos and Deimos have similar photometric behavior [Thomas et al., 1996; Simonelli
et al., 1998], we can therefore also recast the CRISM Deimos data into single scattering albedo
values. Results indicate that Deimos is indeed similar to the red unit that dominates the surface
of Phobos.
2.3.3. Mixed solar and thermal regimes
The addition of a thermal emission component introduces another unknown (i.e., surface
kinetic temperature) into the Hapke Function and makes it impossible to continue to solve for
global-average Hapke parameters in OMEGA data at >2.6 µm in the L channel because of pixelto-pixel temperature variations. These difficulties are evident in inspection of the radiance
spectra in Fig. 2.3 in which emission from Phobos produces spectra that are shallower than
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spectrally neutral graybody emitters. Either the single scattering albedos increase in magnitude in
the wavelength range of the L channel or the OMEGA pixels sample surfaces with spatially nonuniform temperatures. In order to work with OMEGA data in this region, we assume that the
global-average wavelength independent Hapke parameters found at shorter wavelengths remain
constant up to 5 µm. This simplification reduces the unknown quantities to single scattering
albedo and surface temperature, assuming that each pixel's radiance can be modeled as resulting
from a single surface kinetic temperature.
We begin our retrieval of single scattering albedos with estimates of the surface
temperatures expected in the OMEGA observations using a thermal model of the surface of
Phobos [Kuzmin and Zabalueva, 2003]. This model takes into account the ellipsoidal shape of
Phobos, eclipses of Phobos by Mars, reflected thermal radiation from Mars, and the absence of
internal heat sources.

The model uses an average Phobos albedo of 0.07 (consistent with our

average retrieval in the solar-dominated region of the spectrum), a surface regolith density of
1100 kg m3, and temperature-dependent thermal conductivity and specific heat equations that are
analogous to lunar regolith. Emission is assumed to be blackbody and directionally uniform. The
approach we used was to solve for spectral single scattering albedo and examine the retrieved
spectra with the realization that albedos need to be within the bounds between 0 and 1. Single
scattering albedo retrievals were found to be particularly noisy around the thermal cross over
where solar reflected radiance and thermal emission become equal. The exact wavelength
depends on the surface kinetic temperature and lighting and viewing geometries, with a typical
value of ~4.5 µm. Retrievals longward of the cross over wavelength were very noisy indeed (Fig.
2.10). The inability to retrieve precision spectra in the mixed solar and thermal regime is not
surprising given the uncertainties in the model used and the complex shape of Phobos as
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compared to the shape model used to compute the thermal emission. Our best estimate is that the
single scattering albedos continue to increase in magnitude (i.e., redden with a increasing
wavelength) to at least ~4.5 µm, but this result is notional and we do not attempt quantitative
analyses of the spectral range from 2.6 to 4.5 µm.
2.4 ANALYSIS OF PHOBOS AND DEIMOS SPECTRA
Single scattering albedo data for Phobos and Deimos are shown in Fig. 2.11 for the blue
and red units and for the average of the CRISM Deimos observation. OMEGA data for this
particular observation, ORB0756_0, show a peculiar concave downward V spectrum that
becomes more pronounced toward the upper left of the data frame. We suspect this is a
calibration artifact. Otherwise the results for the two instruments are similar indeed and
consistent with the limited earlier observations [e.g. Murchie and Erard, 1996; Rivkin et al.,
2002] in that the two moons have very low single scattering albedos and red slope.
2.4.1 Search for spectral absorption features
Results from the Phobos-2 Imaging Spectrometer for Mars (ISM) were interpreted as
indicating the presence of olivine and pyroxene on Phobos [Murchie and Erard, 1996; Gendrin
et al., 2005], and these minerals are expected to be present if Phobos and Deimos have chronditic
or basaltic compositions. We have therefore specifically searched for these features in the
CRISM and OMEGA single scattering albedo spectra by generating the standard mafic mineral
summary parameter maps that are commonly used in analysis of OMEGA and CRISM
observations of Mars [Mustard et al., 2005; Loizeau et al., 2007; Pelkey et al., 2007]. These
summary parameters are sensitive to the broad absorptions around 1 and 2 μm caused by iron
related crystal field transitions in both minerals. The resulting parameter maps designed to
highlight the presence of olivine and low- and high-calcium pyroxene show little or no indication
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for any of these minerals, and we conclude that there is no evidence for mafic mineral absorption
features above a few percent, the level of instrument noise. This discussion is expanded for the
CRISM dataset only Chapter 3.
Analyses of the CRISM Phobos and Deimos I/F observations also revealed the presence
of a broad, shallow absorption feature centered near 0.65 μm in the redder unit of Phobos and on
Deimos [Murchie et al., 2008]. Again, we leave a more thorough discussion of this CRISMbased detection to Chapter 3 in which we expand on the initial discovery and place limits on the
possible causes of this broad feature.
2.4.2 Comparisons to laboratory spectra
Given our knowledge of Phobos and Deimos spectrophotometry, we can model the
spectra to simulate the lighting and viewing conditions as they would appear for laboratory
spectra. The bidirectional reflectance measurements provided in the RELAB database may be
expressed using the Hapke model for radiance coefficient as [Hapke,1993]

(2.3)
The ability to model OMEGA and CRISM data as laboratory spectra allows us for the first time
to directly compare the slope and absolute magnitudes of the Phobos and Deimos spectra to lab
data without the need for scaling, and this is an important diagnostic tool given the lack of
obvious mineralogical absorption features in the moons' spectra.
Fig. 2.12 (top left) shows CRISM blue unit spectra from Stickney’s interior and ejecta
modeled as bidirectional radiance coefficients at i = 30˚ along with three meteorite analogs that
were also observed at i = 30º. We found analogs by searching through libraries of dark,
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relatively featureless spectra, including highly space weathered lunar material, CI chondrites, and
CM chondrites. By visual inspection, the best match meteorite analogs have primitive, CM
carbonaceous chondrite-like compositions (Murchison and Mighei) and an ultraprimitive, Dasteroid analog composition (Tagish Lake). All three are close matches to the slope and absolute
magnitude of the Phobos blue unit spectrum. The closest meteorite analog is 0-63 µm particles
from Murchison, a typical CM chondrite, that have been heated to 700˚ C for one week [Hiroi et
al., 1993].

Before heating, Murchison was dominantly composed of Mg-serpentine and Fe-

bearing serpentine-group mineral cronstedtite and sulfide mineral tochilinite, with smaller
amounts of olivine, clinoenstatite, and pyrrhotite [Bland et al., 2004]. As a result of heating
beyond 600˚ C, the serpentines began to dehydrate and recrystallize as olivine while iron-rich
orthopyroxenes and tochilinite had been converted to troilite [Hiroi et al., 1993]. The featureless
heated Murchison spectrum has a similar slope to spectra from Stickney’s interior and ejecta, and
in particular, has a similar absolute magnitude with the Stickney ejecta spectrum.
Another closely matched spectral candidate to the blue unit is for 0 - 45 µm bulk particles
from the CM chondrite Mighei. This meteorite has a similar composition to the unheated
Murchison but a higher Fe/(Fe+Mg) ratio [Cloutis et al., 2011]. The Mighei spectrum has a
similar brightness and slope to the Phobos blue unit, although it does show absorption features
near 0.4 µm and 0.7 µm that are not observed in the Phobos blue spectra. The steep drop off
near 0.4 µm is found in many unheated CM chondrite spectra and is attributed to phyllosilicates,
magnetite, or organics [Cloutis et al., 2011]. The fact that this feature is not observed in the
CRISM spectra may be due to unreliable data shorter than 0.44 µm. The shallow, broad
absorption centered near 0.7 µm is attributed to mixed valence Fe-bearing serpentine group
phyllosilicates [Cloutis et al., 2011].
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The Tagish Lake meteorite has been interpreted as a sample from the ultra-primitive Dtype asteroids from the outer solar system [Hiroi et al., 2001]. This meteorite is a carbon-rich,
aqueously altered unusual carbonaceous chondrite with high concentrations of presolar grains
and carbonate minerals [Hiroi et al., 2001].

The spectrum of Tagish Lake has an absolute

reflectance consistent with the spectrum from Stickney’s interior and no visible absorption
features, although its slope deviates at the longer wavelengths and is not as good a fit as the CM
chondrite spectra.
The closest match analog spectra to the Phobos red unit and Deimos in terms of slope and
absolute magnitude are also CM chondrites (Fig. 2.12, top right). Unlike the Phobos blue unit,
no laboratory analogs were found that perfectly match the slope and absolute magnitude of red
unit spectra, although a few are quite close. Particles <40 μm from a bulk Mighei sample were a
good match, as well as particles <125 μm from the CM Chondrite Cold Bokkeveld. Like
Mighei, Cold Bokkeveld is large CM chondrite with little terrestrial alteration. The two samples
have similar modal volume of the abundant mineral phases Mg-serpentine and Fe-cronstedtite
[Cloutis et al., 2011], and these phases are evident in the broad, shallow features near 0.4 μm and
0.7 μm. These features are not observed in the CRISM and OMEGA spectra.
2.4.3 Effects of space weathering
In the case of airless bodies like Phobos and Deimos, any comparison to laboratory
analogs based on the magnitude and slope of spectra is confounded by the fact that we are unable
to fully quantify the role space weathering has played in modifying Phobos and Deimos. Space
weathering is defined by Clark et al. [2002b] as processes that modify the traits (including
spectral properties) of an airless body's surface from analogous traits of the body's inherent bulk
materials. The processes we expect to cause space weathering on Phobos and Deimos include
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micrometeorite impact and solar wind ion implantation and sputtering.

Analysis of lunar

samples has shown that these processes form reduced, submicroscopic iron particles (SMFe)
infused throughout mineral grains and glasses [e.g. Pieters et al., 2000; Hapke, 2001; Noble et
al., 2001; Taylor et al., 2001; Noble et al., 2007; Lucey and Noble, 2008] The addition of SMFe
particles influences the VNIR spectral properties of a surface by reducing the strengths of
absorption features and modifying spectral slope and magnitude. SMFe particles smaller than
~50 nm both darken and redden the surface while particles larger than ~50 nm just darken the
surface [Noble et al., 2007; Lucey and Noble, 2008; Lucey and Riner, 2011].
While space weathering can darken a surface, it is difficult to explain the dark nature of
Phobos and Deimos through space weathering alone if the inherent compositions of the moons
are similar to ordinary chondrites (similar to bulk Mars) or basaltic or ultramafic material
(similar to Martian crust and upper mantle).

The most mature, darkest lunar mare spectra

collected by the Moon Mineralogy Mapper (M3) [Green et al., 2011] are brighter than Phobos
and Deimos when corrected to the same viewing geometries (i = α = 30º, e = 0º) (Fig. 2.12,
bottom left). Even in the intense space weathering environment at Mercury, average I/F spectra
collected from the Mercury Atmospheric and Surface Composition Spectrometer (MASCS)
[Izenberg et al., 2012] are substantially brighter that Phobos and Deimos I/F spectra modeled at
the same viewing geometry (i = e = 45º, α = 90º) (Fig. 2.12, bottom right). Although the spaceweathering environment around Phobos and Deimos is poorly understood, it is difficult to argue
that Phobos and Deimos would have a more intense space weathering environment than
Mercury. The moons of Mars are intrinsically dark and are better fit by spectra from primitive
meteorite analogs than by space weathered basaltic soils (Fig. 2.12). .
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2.5 SUMMARY AND CONCLUSIONS
Disk-resolved observations of Phobos from six OMEGA observations acquired at a range
of lighting and viewing geometries were analyzed with the Hapke photometric function to solve
for the single particle phase function and single scattering albedos from 0.4 to 2.5 µm, the
spectral region covered by OMEGA V and C channel data. Single scattering albedos recovered
from CRISM observations of Phobos using the OMEGA single particle phase function are
similar to those retrieved from OMEGA data for the same areas, both for the ubiquitous red unit
and for the blue unit exposed in and around the crater Stickney. In addition, CRISM-based single
scattering albedos retrieved for Deimos are similar to those for the dominant red unit on Phobos.
Retrieval of single scattering albedos for OMEGA L data (2.8 to 5.0 µm) is problematic at this
time due to the presence of both reflected solar and thermal emission signatures together with the
complex shape of Phobos, although we infer that the single scattering albedo spectra continue to
have low values and red slopes.
The low single scattering albedos and red slopes are consistent with previous studies that
indicate primitive compositions for the two moons. Mafic mineral absorptions are absent.
Recasting the spectra for Phobos and Deimos to laboratory lighting and viewing conditions
shows that the spectra are very similar to laboratory spectra of Tagish Lake (D-type asteroid
meteorite analog) and CM carbonaceous chrondrite meteorites. The spectral properties of
Phobos and Deimos are inconsistent with (1) a chondritic composition similar to bulk Mars or
(2) a basaltic composition similar to differentiated Martian crust and upper mantle. Even
extensive space weathering does not appear to be sufficient to darken and redden chondritic or
basaltic composition materials to produce the spectral characteristics of the two moons.
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Phobos and Deimos could be primitive objects from the outer solar system captured into
Martian orbit, although dynamical models for capture require special and improbable conditions
[Hunten, 1979; Sasaki, 1990]. Conversely, formation of bodies with primitive materials is not
currently accounted for in in situ formation models [Safronov et al., 1986; Craddock, 2011].
Thus, future dynamical models of the formation of the moons should specifically account for the
primitive character of these bodies. In addition to improved origin models, the next logical step
in definitively understanding the origin, evolution, and composition of Phobos and Deimos is in
situ analysis of composition or sample return from these satellites.
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2.7 TABLES
Table 2.1: Summary OMEGA and CRISM Phobos and Deimos disk-resolved observations
All OMEGA and CRISM Phobos and Deimos disk-resolved observations. Observations in
italics were not used in this study due to insufficient wavelength coverage, lower quality data, or
low spatial resolution. The observations cover a range of phase angles and have varying spatial
resolutions. Incidence i, emergence e, and phase angle  for the OMEGA data were computed
using a prototype version of the Navigation and Ancillary Information Facility (NAIF) SPICE
Toolkit that includes a Digital Shape Kernel (DSK) system in conjunction with a Phobos shape
model. The photometric angles i, e, and  for the CRISM dataset were calculated using P.
Thomas’ shape model and the SciBox toolkit [Thomas, 1993; Choo et al., 2012; McGovern et
al., 2012].
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Disk Resolved OMEGA and CRISM Observations of Phobos and Deimos
Moon

Phobos

Deimos

Inst.

OMEGA

CRISM
CRISM

Obs ID

Acquisition
Date

ORB0413_0
ORB0756_0

2004-05-18
2004-08-22

ORB2747_0

2006-06-09

ORB2780_0

2006-04-20

ORB3769_3
ORB3843_3
ORB5851_2
ORB7926_3
ORB8477_0

2006-12-14
2007-01-03
2008-07-23
2010-03-10
2010-09-10

ORB8974_0

2011-01-17

FRT00002992
FRT00002983

2007-10-23
2007-06-07

Wavelength Range
0.35-5 µm
0.35-5 µm
0.35-1 µm
(V-channel only obs)
0.35-1 µm
(V-channel only obs)
0.35-5 µm
0.35-5 µm
0.35-5 µm
0.35-5 µm
0.35-5 µm
0.35-1 µm
(V-channel only obs)
0.4-3.9 µm
0.4-3.9 µm

*

Avg.
Phase
Angle
43°
63°

Spatial
Resolution

Hemisphere

HRSC/HiRISE
Context Image

2200 m/pixel
200 m/pixel

Sub-Mars
Sub-Mars

H0413_0000
H0756_0000

93°

H2747_0000
Not used in this study

47°
86°
66°
99°
38°
70°
38°
41°
22°

H2787_0000
1170 m/pixel
800 m/pixel
120 m/pixel
380 m/pixel

Not used in this study
350 m/pixel
Sub-Mars
1200 m/pixel

Acquired at a separate time than CRISM observation but still used for context imaging

28

Both
Anti-Mars
Anti-Mars
Anti-Mars

H3769_0000
H3843_0000
H5851_0000
H7926_0009
H8477_0000
H8974_0000
PSP_007769_9015
ESP_012065_9000

2.8 FIGURES
Figure 2.1: HRSC and OMEGA observations of Phobos with viewing geometries

False color observations of Phobos from HRSC and OMEGA observations ORB0756_0 and
ORB7926_3 along with associated incidence i, emergence e, and phase angle α calculations that
were generated using the NAIF SPICE system. The most prominent feature in these observations
is the 9 km Stickney crater, labeled in the HRSC image.
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Figure 2.2: HiRISE and CRISM observations of Phobos with viewing geometries

False color observations of Phobos from HiRISE PSP_007769_9015 and CRISM
FRT00002992_03_IF162S_TRR7. The incidence i, emergence e, and phase angles α for the
CRISM observation were calculated using the SciBox toolkit.
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Figure 2.3: Demonstration of importance of reflected solar radiance and themal emission in
OMEGA L-detector data
OMEGA radiance data of Phobos from ORB0756_0 (red, green, blue) plotted along the scattered
solar radiance expected for a surface with a constant Lambert albedo of 0.05. Also shown are
associated graybody curves for a range of expected surface temperatures at the time of the
observation. This figure demonstrates the relative importance of both reflected solar radiance
and thermal emission in the OMEGA L-detector data. Additionally, this simple model shows
Phobos has a changing albedo that likely increases with wavelength beyond 2.7 μm.
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Figure 2.4: Representative Phobos I/F Spectra from CRISM and OMEGA
Representative region of interest (ROI) I/F spectra from blue and red regions of Phobos, as well
as Stickney interior from OMEGA ORB0756_0 (top left) and CRISM FRT00002992_03 (top
right). Associated ROIs are indicated in the bottom figures. Spectra used in this analysis have
been smoothed using a median filter with a width of 10 channels and plotted atop original I/F
data (dots). Gaps in the OMEGA data around 1 and 2.7 µm and CRISM data around 0.6, 1, and
2.7 µm are associated with boundaries between detectors and optical filters mounted on the
detectors. We restrict our CRISM analyses to wavelengths < 2.6 µm pending resolution of
radiometric calibration artifacts at longer wavelengths, and data from this wavelength region is
shown for illustrative purposes only. Overall, spectra from the CRISM observation are
systematically redder and brighter than OMEGA spectra due to differences in viewing geometry
(OMEGA average phase angle = 63°, CRISM average phase angle = 41°).
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Figure 2.5: HiRISE and CRISM observations for Deimos with viewing geometries
False color observations of Deimos from HiRISE ESP_012065_9000 and CRISM
FRT00002983_03_IF162S_TRR7. The HiRISE and CRISM images were taken at different
times and cover different locations on Deimos; we show them here to provide higher resolution
context of the surface of Deimos. The incidence i, emergence e, and phase angles α for the
CRISM observation were calculated using the SciBox toolkit.
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Figure 2.6: Representative Deimos I/F Spectrum from CRISM
Average CRISM Deimos spectrum from FRT00002983_03_IF162_TRR7. Portions of the
spectrum used in this analysis have been smoothed using a median filter with a width of 10
channels (black) and plotted atop original I/F data (gray). Gaps in the data around 0.6, 1, and 2.7
µm are associated with boundaries between detectors and optical filters mounted on the
detectors. We restrict our CRISM analyses to wavelengths < 2.6 µm pending resolution of
radiometric calibration artifacts at longer wavelengths, and data from this wavelength region is
shown for illustrative purposes only.
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Figure 2.7: Range of incidence and emergence angles in the OMEGA datasets
Range of incidence and emergence angles for points used to find best fit global Hapke
parameters. The phase angles were essentially constant across each individual observation and
are presented in Table 1.
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Figure 2.8: Global average best-fit single scattering albedo
Wavelength dependent, global average best-fit single scattering albedo at selected wavelengths
between 0.4 and 2.5 µm. The gap in data around 1 µm is due to a detector gap in the OMEGA
instrument. All values were derived from OMEGA observations only. Also shown for
comparison is global-average best-fit single scattering albedo derived from Viking clear-filter
data [Simonelli et al., 1998].
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Figure 2.9: I/F and SSA spectra from the same regions on Phobos and Deimos
CRISM and OMEGA raw I/F data from the Phobos red unit and Deimos (top) and their
associated single scattering albedos derived using the OMEGA best-fit single particle phase
function and roughness parameter (bottom).
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Figure 2.10: Demonstrations of attempts to thermally correct OMEGA data to 5 µm
Demonstration of attempts to thermally correct a single pixel spectrum beyond ~2.5 µm. In this
case, we have assumed an asymmetry parameter of -0.28 and solved for single scattering albedo
using the full Hapke model, which includes a temperature-dependent term that we have fit using
three reasonable temperatures, similar to those predicted by thermal models. Although the
spectra have been smoothed using a median filter, they are still noisy, particularly around the
thermal crossover region. Our analysis of this spectral region is therefore somewhat notional and
we merely conclude the single scattering albedo of Phobos increases with wavelength until at
least ~4 μm.
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Figure 2.11: Representative Phobos and Deimos SSA spectra from CRISM and OMEGA
Representative ROI single scattering albedo spectra from OMEGA (top left) and CRISM (top
right) observations of Phobos and Deimos. ROIs are the same as shown in Figures 2.4 and 2.6.
Spectra have been smoothed using a median filter with a width of 10 channels and have been
plotted atop original data (dots). Gaps in the OMEGA data around 1 µm and CRISM data
around 0.6 and 1 µm are associated with detector and filter boundaries. Despite the variation in
viewing geometries of the two observations, there is generally good agreement between the
CRISM and OMEGA spectra, consistent with the notion that single scattering albedo is
independent of viewing geometry. Minor differences between spectra from the two instruments
are likely due to small differences in instrument calibrations.

39

Figure 2.12: Comparison of Phobos and Deimos spectra to laboratory analogs, the Moon,
and Mercury
Top: Comparison of CRISM and OMEGA spectra to laboratory analogs available in the RELAB
database. The CRISM and OMEGA single scattering albedo data have been reprojected to
bidirectional radiance coefficient spectra (eq. 3) acquired at the same viewing geometries as the
laboratory spectra (i = α = 30° and e = 0°). The Phobos blue unit (top left), red unit (top right),
and Deimos (top right) spectra are all good matches to primitive meteorites [Hiroi et al., 1993;
Cloutis et al., 2011] in terms of slope and absolute brightness. RELAB spectra plotted are
cdmb64 (Heated Murchison < 63 μm), s1rs42 (Mighei < 45 μm), bkramt011 (Tagish Lake),
c1mb61 (Cold Bokkeveld < 125 μm), cdms01 (Mighei Bulk < 40 μm), and c1lr73, c1lr11, c1lr80
(lunar mare 15071, 12001, 15041). Bottom: Comparison of modeled CRISM Phobos blue and
red unit spectra to surface spectra from highly space weathered parent bodies. Here, the CRISM
spectra have been modeled as I/F spectra at two viewing geometries. Bottom left shows a
comparison between Phobos blue and red units to Lunar Mare spectra collected by M3 and
corrected to i = α = 30° and e = 0° [Green et al., 2011]. Bottom right shows a comparison
between Phobos blue and red unit to average Mercury spectra observed by MACAS at i = e =
45°, α = 90° [Izenberg et al., 2012]. In both cases, the Phobos spectra are much darker than the
space weathered surface spectra.
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Chapter 3: Spectral Absorptions on Phobos and Deimos in the
Visible/Near Infrared Wavelengths and Their Compositional
Constraints
Associated Publication: Fraeman, A., Murchie, S., Arvidson, R., Clark, R.,
Morris, R., Rivkin, A., Vilas, F. 2014. "Spectral absorptions on Phobos and
Deimos in the visible/near infrared wavelengths and their compositional
constraints," Icarus, 229, 196-205, doi: 10.1016/j.icarus.2013.11.021
ABSTRACT
Absorption features on Phobos and Deimos in the visible / near infrared wavelength
region (0.4 - 3.9 μm) are mapped using observations from the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM). Fe2+ electronic absorptions diagnostic of olivine and pyroxene
are not detected. A broad absorption centered around 0.65 µm within the red spectral units of
both moons is detected, and this feature is also evident in telescopic, Pathfinder, and Phobos-2
observations of Phobos. A 2.8 μm metal-OH combination absorption on both moons is also
detected in the CRISM data, and this absorption is shallower in the Phobos blue unit than in the
Phobos red unit and Deimos. The strength, position, and shape of both of the 0.65 μm and 2.8
μm absorptions are similar to features seen on red-sloped, low-albedo primitive asteroids. Two
end-member hypotheses are presented to explain the spectral features on Phobos and Deimos.
The first invokes the presence of highly desiccated Fe-phyllosilicate minerals indigenous to the
bodies, and the second invokes Rayleigh scattering and absorption of small iron particles formed
by exogenic space weathering processing, coupled with implantation of H from solar wind. Both
end-member hypotheses may play a role, and in-situ exploration will be needed to ultimately
determine the underlying causes for the pair of spectral features observed on Phobos and
Deimos.
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3.1 INTRODUCTION
The compositions of Mars’ small and irregularly shaped moons, Phobos and Deimos,
have remained controversial despite multiple Earth- and space-based observations acquired
during the last 40 years (Rivkin, 2007 and references therein). Phobos exhibits two spectral units
that are both dark, yet distinctly different at visible to near infrared wavelengths (Fig. 3.1, 3.2).
The two units are a spectrally red-sloped (increasing reflectance with increasing wavelength)
"red unit" that covers most of Phobos and a less red-sloped "blue unit" that is present in the
interior and ejecta of the ~9-km diameter impact crater Stickney (Murchie and Erard, 1996;
Rivkin et al., 2002). Deimos is similar spectrally to Phobos' red unit (Rivkin et al., 2002;
Fraeman et al., 2012) (Fig. 3.2). Studies using visible to near infrared spectroscopy show that the
moons' surfaces resemble D- or T-type asteroids or carbonaceous chondrite meteorites (e.g.
Murchie and Erard, 1996; Rivkin et al., 2002; Fraeman et al., 2012), although their specific
mineralogy is difficult to determine because they lack strong diagnostic absorption features.
The bulk compositions of Phobos and Deimos provide constraints on how the moons
formed. Current hypotheses are that Phobos and Deimos formed in situ in Mars orbit (Burns,
1992) or by capture of asteroidal bodies originating outside the Mars system (Hunten, 1979;
Sasaki, 1990).

Possible compositions for the moons have been proposed based on these

formation mechanisms (reviewed by Murchie et al., 2014) including (1) primitive phyllosilicaterich carbonaceous chondrites or anhydrous, olivine- and pyroxene-dominated carbonaceous
chondrites, representing capture of a body from outside the Mars system or late stage addition of
primitive materials, (2) darkened ordinary chondrites, similar to a predicted bulk Mars-like
composition possibly representing co-accretion, and (3) a Mars crust-like composition
representing accretion of ejecta after a giant impact early in Mars' history. Surface materials on
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Phobos and Deimos have also been proposed as possible in situ sources of water or hydrogen for
future human mission to Mars (Castillo-Rogez et al., 2012; Muscatello et al., 2012), and remote
sensing constraints on their surface compositions aid in assessing this concept's viability.
In this chapter, results are presented that provide new insights into the compositions of
Phobos and Deimos. Band-depth mapping using data from the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) shows no evidence for olivine or pyroxene. However, CRISM
data do show a broad absorption feature centered at 0.65 μm for the entire surface of Deimos and
for the red unit of Phobos.

New telescopic data of Phobos reported here as well as a

reexamination of older spacecraft observations of Phobos and Deimos support the CRISM-based
detection. CRISM data also show a 2.8 μm metal-OH absorption present on both moons,
although the feature is less deep in the Phobos blue unit. Two end-member models are presented
for the origin of this pair of features, representing either a phase inherent to the bodies or phases
formed through exogenic processes.
3.2 DATA REDUCTIONS AND VISIBLE/NEAR-INFRARED ABSORPTIONS IN CRISM
OBSERVATIONS
In June and October 2007, the CRISM instrument on the Mars Reconnaissance Orbiter
(Murchie et al., 2007) acquired three disk-resolved hyperspectral images each of Deimos and
Phobos (Fig. 3.1) using the instrument's full spectral range (0.4 μm to 3.9 μm) with a spectral
sampling of ~6.55 nm/channel (Murchie et al., 2008; Fraeman et al., 2012). These data provide
the highest spatial (~350 m/pixel) and spectral resolution hyperspectral coverage of Phobos to
date, as well as the first disk-resolved (~1200 m/pixel) hyperspectral observations of Deimos.
Both sets of observations were acquired over the night side of Mars so that scattered light and
Mars-shine on the moons' surfaces are not significant (Goguen et al., 1979). Data shortward of
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0.45 µm have lower reliability owing to differences in how the spectrometer's diffraction
gratings perform on the two moons, which highly underfill the field of view, versus the internal
calibration source, which completely fills the field of view. Measurements longwards of ~3.1
μm are known to be confounded by poorly characterized calibration artifacts and are not
analyzed here (Murchie et al., 2007).
Fraeman et al. (2012) derived Hapke scattering parameters for Phobos using observations
of the moon made by the Observatoire pour la Mineralogie, l’Eau, les Glaces et l’Activité
(OMEGA) onboard Mars Express (Bibring et al., 2004). The OMEGA observations cover a
similar wavelength range as the CRISM dataset but at lower spectral resolution, and were
acquired over multiple phase angles from 38° to 99° (Fraeman et al., 2012). The OMEGA-based
scattering parameters are valid for the CRISM Phobos and Deimos observations (Fraeman et al.,
2012), and are used in this chapter to derive single scattering albedo spectra for Phobos and
Deimos at wavelengths less than 2.5 μm (Fig. 3.2). Single scattering albedo values are by
definition independent of lighting and viewing conditions (Fig. 3.2b).
At wavelengths longer than ~2.5 μm, the moons' radiance factor measured by CRISM
(also referred to as I/F and defined as radiance/(solar irradiance/π)) contains a component from
emitted thermal radiation as temperatures on the surface of Phobos and Deimos can reach up to
300-350K (Kuzmin and Zabalueva, 2003; Lynch et al., 2007). In this wavelength region, we
therefore must solve for single scattering albedo by jointly modeling both the reflected solar and
the thermal emission contributions. The Hapke equation describing contributions from
bidirectional reflectance and directional emissivity is expressed as a function of incidence angle
i, emission angle e, phase angle α, and kinetic temperature T for a given wavelength is (eq 3.1)
(Hapke, 1993):
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(eq 3.1)
where w is the single scattering albedo we wish to solve for, r is the radiance factor measured by
CRISM, μ and µ0 are the cosines of the emergence and incidence angles, respectively, B(α)
models the opposition-effect, p(g1) is the single particle phase function, H is an approximation
for the isotropic multiple scattering function, and S is the shadowing function defined by a
macroscopic roughness parameter,  (Hapke, 1993). The parameter β0 is the Planck irradiance at
a given temperature T, and J is the solar irradiance at the solar distance at the time of observation
(Hapke, 1993).
The values of the Hapke parameters for Phobos and Deimos and illumination angles for
the CRISM observations are derived in Fraeman et al. (2012), and we use the method of Clark et
al., (2011) to derive surface temperatures from the CRISM spectra. This algorithm employs an
iterative approach to estimating the thermal contribution and associated temperature for a
spectrum using the assumption that the continuum of the reflected solar component of the
spectrum is approximately linear between 2.6 and 3.1 μm. Further details, including model
validation, can be found in Clark et al., (2011).
3.3 SPECTRAL ANALYSIS
3.3.1 Standard band depth mapping
Mineral parameter maps were generated using single scattering albedo spectra from
Phobos and Deimos. Parameter maps designed to highlight broad features caused by Fe2+
electronic absorptions in olivine near 1 μm and low- and high-calcium pyroxenes at ~1 μm and
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~2 μm (Pelkey et al., 2007) show no discernible absorptions that are not attributable to edgeeffect artifacts (Fig. 3.3). Parameters designed to highlight spectra having 1.9 μm absorptions
caused by combination overtones of the H2O bend and OH stretches likewise show no
discernible absorptions (Pelkey et al., 2007) (Fig. 3.3).
3.3.2 Spectral feature at 0.65 µm observed in multiple datasets
Preliminary investigation of CRISM spectra revealed a broad, shallow absorption feature
on Phobos' red unit and on Deimos (Murchie et al., 2008) (Fig. 3.3, 3.4). Murchie et al., (2008)
found the feature was centered close to 0.65 μm, although CRISM data around 0.65 μm are
compromised by a boundary between detector-mounted filters, so the feature's actual center can
only be approximated by extrapolating data from the absorption's wings near 0.60 and 0.70 μm.
Here, the absorption is mapped in the single scattering albedo spectra using a band depth
parameter centered where valid data exist around 0.60 μm (BD0.60).

Assuming a linear

continuum between 0.50 and 0.85 μm, the band depth is calculated using the following formulas
(eq 2.3, 3.3):

(3.2)

R' avg ( 0.59:0.62) 

Ravg ( 0.59:0.62)

Ravg ( 0.84:0.86)  Ravg ( 0.49:0.51)

avg ( 0.84:0.86)  avg ( 0.49:0.51)

 avg ( 0.59:0.62)  avg ( 0.49:0.51)   Ravg ( 0.49:0.51)
(3.3)

where R'avg(0.59:0.62) is the continuum removed single scattering albedo averaged between 0.59 and
0.62 um, Ravg(x:y) is the average single scattering albedo from x μm to y μm, and λavg(x:y) are the
wavelengths associated with reflectances between x μm and y μm (after Clark and Roush, 1984).
Band depths range between ~0.5% and 5% (Fig. 3.3).
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The presence and strength of the 0.65 μm absorption is spatially correlated with the slope
of the visible to near-infrared spectral continuum, expressed as a visible to near-infrared ratio (eq
3.4):

(3.4)
In general, spectra with a lower visible to near-infrared ratio (Phobos red spectral unit and
Deimos) have 0.65-µm absorption depths ranging between 1% and 4%, and spectra with higher
visible to near-infrared ratio (Phobos spectral blue unit) have ~0% 0.65-µm absorption depths
(Fig. 3.3, 3.4). On Deimos, the band depth is independent of surface location and equivalent to
the strongest band depths on Phobos (~3-5%) (Fig. 3.3, 3.4).
The 0.65 μm feature on Phobos is also evident in ground based telescopic spectra
obtained on 4-5 September 2003 UT using the Mayall 4-m telescope on Kitt Peak with the
Ritchey-Chretien Spectrograph (RCSP) as part of a campaign of near-Earth object (NEO)
spectroscopy. These spectra used a solar analog calibration star from the Landolt (1992) catalog
(L 93-101) as a the calibration standard. Details of data collection, reduction, and the overall
NEO campaign are reported by Binzel et al. (2001) and Binzel et al. [2004]. The Phobos
observations focused on the moon's leading hemisphere, which contains the crater Stickney,
centered near 60° W longitude, and its exposed blue unit, located on the eastern rim of the crater.
Forty-seven images on 4 September obtained between 7:30-8:24 UT were combined into 10 final
spectra with central longitudes varying from 52-92 W, and 28 images obtained on 5 September
between 6:48-7:08 UT were combined into 6 final spectra with central longitudes from 68-82W.
On both dates the sub-Earth latitude was 36 and the sub-solar latitude 44.
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Disk-integrated spectra centered over predominantly red regions from the 4 Sept 2003
observations reveal a 0.65-µm absorption having a shape and depth similar to the feature
observed in the CRISM single scattering albedo spectra (Fig. 3.4). The depth of this band
increases as the central longitude of the observation increases from 52 W to 92 W, consistent
with disk-integrated reflectance becoming more dominated by Phobos' red unit that exhibits this
feature as the central longitude moves off Stickney and the blue unit (Fig. 3.4). Spectra from
overlapping locations obtained on 5 Sept 2003 have a systematically lesser band depths than
those from 4 Sept 2003, although this observing night was hampered by the presence of clouds,
which may have resulted in lower quality data.
Although a feature at 0.65 μm in the Phobos red unit and Deimos has not been reported in
spectral data of Phobos and Deimos collected previously by instruments other than CRISM, a
reexamination of these datasets shows they are consistent with the CRISM-based results. Visible
to near-infrared color-ratio spectra for Phobos obtained by the Imaging Spectrometer for Mars
(ISM) instrument onboard the Phobos-2 spacecraft (Murchie and Erard, 1996) also show that a
broad 0.65 μm feature is present in the Phobos red unit and absent in the Phobos blue unit.
Compared to the bluer unit, Phobos' redder unit exhibits a downward inflection at wavelengths
shorter than 0.9-1.0 µm (Murchie and Erard, 1996), similar to that observed in 3.4. The inflection
is stronger in materials with lower visible to near-infrared color ratios. Calibration uncertainties
and ISM's limitations to wavelengths >0.77 µm prevented definitive recognition of the inflection
as being the long-wavelength shoulder of an absorption at 0.65 µm and instead it was mistakenly
interpreted from ratio spectra as resulting from a weak 1-µm absorption in the bluer unit.
The 0.65 µm absorption is also recognizable in reexamined disk-integrated spectra of the
sub-Mars hemisphere of Phobos obtained from the Martian surface by the Imager for Mars
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Pathfinder (IMP) (Murchie et al., 1999). Those data consist of 12-band spectra collected by
averaging over the ~3-pixel disk of Phobos, which from the perspective of Mars is dominated by
the red unit. Although these measurements were lower in spatial resolution than ISM
measurements, they include wavelengths 0.44-1.0 µm covering the full absorption. The
absorption's shape, depth, and center near 0.65 µm are consistent with results from CRISM. The
multiband photometry approach used to retrieve those spectra yielded higher band-to-band
uncertainties than in CRISM spectra, rendering any absorption in the spectrum of the <1-pixel
disk of Deimos below the level of noise.
Finally, OMEGA observations of Phobos show spatial variations in VIS/NIR ratio
consistent with those in CRISM data, and some observations show a 0.65 µm absorption in the
red unit. However, known calibration artifacts (e.g., Fraeman et al., 2012) affecting OMEGA's
visible detector (0.35-1.0 µm) preclude definitive detection of the broad and weak 0.65 µm
feature in all OMEGA observations of the Phobos red unit, and we withhold detailed analyses of
the OMEGA data set pending further resolution of calibration artifacts.
3.3.3 Spectral feature at 2.8 µm
The CRISM single scattering albedo modeled without the thermally emitted component
(described in section 3.2) show a feature at 2.8 μm present in spectra for both Phobos and
Deimos (Fig. 3.3, 3.5). The spatial distribution of this feature is mapped using equations (3.2)
and (3.3) modified for a band center at 2.8 μm and a calculated linear continuum from 2.1 to 2.5
μm, which provides a good approximation for the linear continuum over this feature. Note that
CRISM data in the wavelength range 2.70-2.76 μm are compromised by a boundary between
filters mounted to the IR detector that blocks higher orders from the diffraction grating; these
wavelengths are not routinely downlinked by the instrument.
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The depth of the 2.8 μm feature varies from ~1 – 10% across all of Phobos and Deimos,
and the band is deepest in the very edges of the image, which may be an artifact caused by
extreme viewing geometries (Fig. 3.3). A similar 2.8 μm feature on Earth’s moon has been
shown to increase in depth at high incidence angles (McCord et al., 2011). Overall, the 2.8 μm
band depth map is noisier than the 0.60 µm band depth map and VNIR ratio map (Fig. 3.3),
consistent with CRISM data being noisier in this wavelength range. There is not a strong pixelto-pixel correlation between the depths of the 0.65 µm and 2.8 µm bands or between the VNIR
ratio and the depth of the 2.8 µm band. However, the increased noise in the CRISM data at
longer wavelengths resulting in the noisy 2.8 µm band depth map could mask potential one-toone correlations. We therefore compared average band depths from a sample of the reddest
Phobos pixels (defined as VNIR ratio < 0.79 and not located at extreme geometries near the
moon's limb or terminator), and a sample of the bluest Phobos pixels (defined as VNIR ratio >
0.84, also not located at extreme geometries). The reddest regions of Phobos had an average
BD0.60 value of 2% ± 1% whereas the bluest regions had an average BD0.60 value of -1% ± 1%.
The corresponding BD2.8 values for the red and blue regions were 7% ± 3% and 3% ± 3%
respectively. Two-tailed t-tests comparing the mean BD0.60 and BD2.8 of samples of pixels from
the red and blue units resulted in p-values < 0.001, indicating the differences between these
sample means is statistically significant. We conclude pixels in the Phobos red unit are on
average associated with deeper 0.65 µm and 2.8 µm bands, whereas pixels in the Phobos blue
unit have no 0.65 µm band and a weaker 2.8 µm band. Pixels on Deimos have 2.8-um band
depths comparable to the deepest Phobos red unit bands.
The 2.8 µm feature is apparent and has approximately the same spatial distributions in
two additional CRISM observations of Phobos (FRT00002992_01 and FRT00002992_05) and
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Deimos (FRT00002983_01 and FRT00002983_05) taken in the same sequences immediately
before and after the observations shown in Fig. 3.3 (Phobos: FRT00002992_03, Deimos:
FRT00002983_3). The lighting and viewing geometry and spatial coverage of the moons is
nearly identical within each set of observations, but the positions of the moons varies between
observations, providing confidence that the feature is not the result of a column-based artifact in
the CRISM data. Although a few CRISM spectral channels near 2.7 μm and data longwards of
~3.1 μm are compromised by instrument artifacts, there are no known plausible instrument
artifacts that would produce an apparent asymmetric band at 2.8 μm (D. Humm, personal
communication).
As of yet, there are no telescopic- or space-based data sets with sufficient spectral range
and signal-to-noise levels to independently validate this feature's presence.

OMEGA

observations of Phobos do cover the necessary wavelength range, but a detector boundary with
an unknown offset near 2.7 μm makes it impractical to detect a weak absorption here.
3.4 COMPARISON TO ASTEROID SPECTRA
Features similar to both the 0.65 µm and 2.8 µm absorptions are observed on dark
asteroids interpreted to have primitive compositions (C-, G-, P-, and D-class asteroids). A search
through the Vilas asteroid spectral catalog (Vilas et al., 1998) revealed several asteroids with
0.65 µm absorptions that are similar in shape and wavelength to the corresponding features
observed on Phobos and Deimos (Fig. 3.6). Asteroids that exhibit these features sometimes have
an additional absorption near 0.43 µm or 0.9 µm, but all of them are dark and red sloped.
Absorptions near 0.7 μm on low albedo asteroids have been ascribed to Fe-bearing
phyllosilicates, and almost always are accompanied by additional absorptions associated with
hydration or hydroxylation near 3 μm (Vilas and Gaffey, 1989; Vilas et al., 1993; Vilas, 1994;
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Rivkin et al., 2002). Low albedo asteroids having absorptions closer to 0.60 μm - 0.65 μm are
interpreted as containing iron oxides when the absorption is paired with a second feature 0.80 0.90 μm (Vilas et al., 1994). Mineralogical interpretations for the asteroids most similar to
Phobos and Deimos that have absorptions near 0.65 μm but not 0.8 – 0.9 μm remain uncertain
(Jarvis et al., 1993; Vilas et al., 1994).
Many low albedo asteroids also display an absorption centered near 2.8 μm, and these
features can be qualitatively grouped into Ceres-type, Pallas-type, or Themis-type spectral
classes based on band-shape and position (Rivkin et al., 2011). Ceres-type absorptions have a
symmetric absorption with minima near 3 μm and 3.3 μm (Milliken and Rivkin, 2009) while
Themis-type absorptions are slightly broader, centered near 3.1 μm and 3.4 μm (Rivkin and
Emery, 2010). The feature observed on Phobos and Deimos most closely resembles the third
class, Pallas-type, which have a single sharp asymmetric absorption near 2.8 μm and are similar
to absorptions seen in CM chondrites (Rivkin et al., 2011; Takir et al., 2013). Fig. 3.7 shows a
comparison between Phobos and Deimos and other asteroids that show a Pallas-type band when
thermal emission is accounted for using the methods described in Rivkin et al., (2011). While
the shape and position of the Phobos and Deimos feature in particular is similar to absorptions
seen on 96 Aegle, 13 Egeria, and 51 Nemausa, the Phobos and Deimos feature is much weaker
than these asteroids, and has a strength more comparable to the band in 566 Stereoskopia (Fig.
3.7). The weakness of the Phobos and Deimos 2.8 μm band in combination with terrestrial
atmospheric absorptions near in this wavelength range may explain why this feature has not yet
been observed in terrestrial-based observations of the moons (Rivkin et al., 2002).
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3.5 COMPARISON TO LAB SPECTRA
3.5.1 Spectral feature at 0.65 µm
Multiple absorption processes can result in a spectral feature near 0.65 μm, including Fe2+
and Fe3+ electronic transition, Fe2+-Fe3+ charge transfer , and metallic iron absorptions combined
with Rayleigh scattering by nanophase particles (Morris et al., 1985; Clark et al., 2012).
Assignment of the 0.65 μm absorption to both a unique material and formation pathway is
therefore difficult because of the non-uniqueness of the feature (King and Clark, 1998). To
interpret the feature on Phobos and Deimos, we explored spectra from a variety of phases and
materials that can be dark, red-sloped, and have absorptions near 0.65 μm including clay
minerals, graphite, ilmenite reduced to Fe metal and Ti4O7, nanophase metallic Fe, and CI/CM
carbonaceous chondrites and we next discuss in detail two cases that best fit the data.
Fe-bearing phyllosilicates have an absorption centered between 0.65 μm and 0.7 μm. The
most common phyllosilicate in CM chondrites (Phobos and Deimos' closest spectral analog
based on spectral slope and absolute reflectance (Fraeman, et al., 2012)) is cronstedtite (Cloutis
et al., 2011). Cronstedite is dark, red sloped with an absorption centered near 0.7 µm that results
from an Fe2+ - Fe3+ charge transfer transition (Clark et al., 2003; Clark et al., 2007; Calvin and
King, 1997) (Fig. 3.8). Linear-continuum removal, however, shows this feature is narrower and
centered at a longer wavelength than the 0.65 μm feature on Phobos and Deimos (Fig. 3.8).
Phobos and Deimos also lack the broad ~1.2 μm iron absorption seen in cronstedite.
Nontronite, another Fe-bearing phyllosilicate, has an Fe3+ electronic transition at 0.65 µm
that is closer in position to the feature observed on Phobos and Deimos (Fig. 3.8), but this
mineral has additional absorptions around 1.4 µm, 1.9 µm, and 2.3 µm related to H2O and OH, as
well as additional Fe3+ electronic features near 0.43 and 0.9 µm, none of which are observed in
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the spectrum of Phobos or Deimos. Absorptions could be masked by opaque phases, although it
would remain difficult to explain why the large Fe-related feature near 1 µm would be obscured
while the 0.65 μm feature reamains detectable. However, any phyllosilicate present on the
surface is subjected to desiccating conditions because the moons regularly experience surface
temperatures up to ~340 K and are exposed to the vacuum of space (Kuzmin and Zabalueva,
2003; Lynch et al., 2007).
Under desiccating conditions, the spectral properties of desiccated nontronite more
closely resemble the Phobos and Deimos spectra. A sample of nontronite desiccated by heating
in a dry N2 atmosphere (i.e., desiccating conditions) at 105° C (378 K) for 451 hours lost the
bands at 1.4 µm and 1.9 µm because of the complete removal of its interlayer H2O. The spectrum
also exhibited a shallow feature centered near 0.65 µm instead of separate absorptions centered
near 0.6- and 0.9-µm (Morris et al., 2010) (Fig. 3.8).
A mixture of iron particles ranging in size from a few nanometers to a few micrometers
provides an alternative spectral match for the 0.65 μm feature on Phobos and Deimos. The
optical constants of iron show a strong red slope with a relative minimum near 0.65 μm, and
coarse-grained iron particles (few micrometers in diameter) show this spectral structure when
observed in an environment that prevents oxidation (Ordal et al., 1985; Cahill et al., 2012; Clark
et al., 2012). Iron particles also have the optical property that as particles become smaller, their
reflectance is determined by the competing effects of Rayleigh absorption and Rayleigh
scattering (Noble et al., 2007; Clark et al., 2012), and a mixture of micrometer and submicrometer iron particles can result in enhancement of the apparent strength of the 0.65 μm
feature through Rayleigh absorption and Rayleigh scattering.
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We were able to model the 0.65 μm absorption feature in the spectra of the red unit on
Phobos and Deimos here by direct calculation assuming a mixture of different-sized iron
particles embedded in a neutral silicate matrix (Fig. 3.8) and a modified Hapke model (Clark et
al., 2012). A best fit model for Phobos uses optical constants of iron (Ordal et al., 1985) and
assumes metallic iron particles that are suspended in a relatively transparent matrix having a
wavelength independent absorption coefficient and index of refraction similar to values of
generic gray basalt (values of 200 and 1.6 respectively). The inclusion of iron in the model
causes a red slope, and its combination with generic particles that have wavelength independent
absorptions generates concave upward curvature centered near 0.65 μm, as well as convex
upward curvature from 1 to 2.5 μm. The strength, width, and position of the 0.65 μm feature
varies with iron grain size and abundances, which can be adjusted to match the absorption seen
on Phobos and Deimos (Fig. 3.8). The model shown is comprised of a mixture of Fe particles
having diameters of 2.6 μm (1.1%) and 3.5 μm (2.1%), nanophase (~nm) iron mixed with
spectrally neutral materials having diameters of 1.1 μm (0.8%), 2.5 μm (0.4%), 0.011 μm
(0.02%), and uncoated spectrally neutral material with a diameter of 23.0 μm (95.5%).
3.5.2 Spectral feature at 2.8 μm
The position and asymmetric shape of the 2.8 μm feature is uniquely diagnostic of a
fundamental vibration caused by a M-O-H (hydroxyl) stretch (Clark et al., 1990). The specific
position of this absorption can vary depending on the cation attached to the hydroxyl, although
the lack of reliable CRISM data around 2.7 μm makes it difficult to assign a band center with
enough precision to provide a constraint for phase identification.

Because this feature is

generally stronger in pixels with stronger 0.65 μm bands and the 0.65 μm band is consistent with
desiccated clays, the 2.8 μm band could result from an M-OH in a desiccated clay.
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Alternatively, this feature may be caused by solar-wind induced hydroxylation because of the
exposure of Phobos' and Deimos' surfaces to the space environment. Both hypotheses are
described in more detail below.
3.6 DISCUSSION AND COMPOSITIONAL INTERPRETATIONS
The absence of detectable Fe2+ absorptions on Phobos and Deimos resulting from
pyroxene and olivine does not support the moons' compositions being similar to Martian crustal
material because, even in space-weathered forms, absorption from these minerals are likely
retained at a strength detectable by CRISM. This conclusion follows Fraeman et al.'s (2012)
finding that even the lowest-albedo space-weathered basaltic materials on the Earth’s moon
retain subtle mafic absorptions. Similarly, the lack of these absorptions fails to support a
composition of higher-grade carbonaceous chondrites or darkened ordinary chondrites that retain
olivine and pyroxene absorptions. The two absorptions that are detected on Phobos and Deimos
are similar to absorptions seen in other primitive bodies, supporting previous claims that the
moons have a primitive, carbonaceous chondrite-like composition.
We present two end-member hypotheses for the specific phases causing the 0.65 and 2.8
µm spectral features on Phobos and Deimos. In the first hypothesis, both features are caused by
the presence of a highly desiccated Fe phyllosilicate(s) indigenous to the Phobos and Deimos.
The second hypothesis invokes exogenic processes associated with small iron particles generated
during space weathering coupled with OH generated by implantation of H from solar wind.
These hypotheses are not mutually exclusive and both could be active.
3.6.1 Hypothesis as desiccated phyllosiliciates
Both the 0.65 and 2.8 µm features could result from a highly desiccated Fe-phyllosilicate.
The 0.65 µm feature matches the desiccated nontronite spectrum (Fig. 3.8), and, although
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interlayer and adsorbed H2O are removed from nontronites during desiccation, it is not possible
to remove OH (present as metal-OH) without destroying the mineral's structure. The 2.8 μm
metal-OH in association with the 0.65 µm feature could therefore be evidence that desiccated
phyllosilicates are present on the moons' surface. Assuming the weak ~2.8 µm spectral feature is
caused by a fundamental M-O-H vibration from a phyllosilicate, the combination/overtone bands
at the shorter wavelengths will be much less intense (i.e. the 2.3 µm Fe-OH band that remains in
the nontronite after heating and desiccation), consistent with their absence in CRISM data at a
level greater than noise.
Phyllosilicates are a major phase in carbonaceous chondrite meteorites, and results from
thermal infrared measurements by the Planetary Fourier Spectrometer (PFS) on MEx and Mars
Global Surveryor's (MGS) Thermal Emission Spectrometer (TES) have also been interpreted as
indicating the presence of phyllosilicates on parts of Phobos (Giuranna et al., 2011). Although
(Giuranna et al., 2011) interpreted the phyllosilicate signature to be associated with the Phobos
blue unit, visual comparison of the footprints of their spectra with CRISM color variations
indicates a better match with the red unit. The blue unit is spectrally featureless in the thermal
infrared, as it is in the near-infrared.
3.6.2 Exogenic hypotheses: nanophase Fe and solar wind implanted H
The second end member hypothesis is that the two features are from separate phases both
formed through space weathering-related processes and produced on the moons' surfaces. The
0.65 µm feature can be replicated by a mixture of different sized metallic Fe particles, which are
found on Earth’s Moon as a product of space weathering (e.g. Pieters et al., 2000). While the
presence of pyroxene and/or olivine could hide any nanophase Fe-related spectral curvature on
the Moon, a broad ~0.7 μm feature similar to the 0.65-um band in dark material on Iapetus has
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been modeled by competing scattering effects of microphase and nanophase metallic iron,
possibly mixed with nanophase iron oxides (Clark et al., 2012).
To consider whether formation of metallic iron by space weathering of Phobos and
Deimos is viable, we must assume some starting material. We again interpret the lack of
detectable mafic absorptions on Phobos and Deimos and the moons' low albedo to suggest the
starting material is best modeled as a primitive material, for example a CM carbonaceous
chondrite (Fraeman et al., 2012). The maximum possible total iron available to later form
metallic iron through interaction with H+ from the solar wind in carbonaceous meteorites is 2125% (Mason, 1963), equivalent to that in the most iron-rich lunar maria (Lawrence et al., 2002).
Space weathering processes in carbonaceous materials is not understood, and there are no known
examples of highly space weathered carbonaceous regolith in the meteorite collection in which
to measure the effects directly. Laboratory experiments to simulate it using laser irradiation on
the CM meteorite Mighei (Moroz et al., 2004a) demonstrate reddening and weakening of
absorptions resulting from water and hydroxyl; microscopic examination of the laser-irradiated
CM meteorite Mighei also shows that sub-microscopic metallic iron is produced (Shingareva et
al., 2004). In contrast, in ion irradiation experiments on the organic component of terrestrial
primitive materials, an initially red spectral slope becomes grayer resulting from production of
elemental carbon (Moroz et al., 2004b).
In this scenario, the 2.8 µm metal-OH absorption is not caused by a phase indigenous to
Phobos and Deimos, but rather forms on the moons' surfaces through processes involving
interaction of H+ from the solar wind with oxygen in the moons' regolith. A similar process is
thought to be the cause of a 2.8 µm absorption observed on the Moon that is approximately the
same strength as the features observed on Phobos and Deimos (Clark, 2009; Pieters et al., 2009;
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Sunshine et al., 2009), and similar hydroxyl forming processes are predicted to be operate on all
airless bodies in the solar system (McCord et al., 2011).
We also considered infall of hydrated and hydroxylated materials as a source for the 2.8
μm feature. The closest source of external material is ejecta from Mars, whose dust shows a
complex spectral feature everywhere in the ~2.8 to ~3.0 µm region that has been interpreted to
result from H2O and metal-OH (Bell, 2008 and references therein). Presumably, much of the
H2O would be removed by desiccation when exposed to the space environment, leaving the
metal-OH. However, dynamical modeling has shown Phobos is only likely to contain at most a
few percent mass fraction Martian material, and Deimos would have even less (Chappaz et al.,
2012). This small fraction is unlikely to make a significant change to the global spectral
properties of the moons, and the smaller amount of Martian material predicted to be on Deimos
is inconsistent with it having on average deeper absorption bands than Phobos. The hypothesis
of Martian material as a source is also difficult to reconcile with the observations of other
asteroids not in the Martian system that have a similar feature (Fig 3.7), so we conclude this
explanation is unlikely.
3.7 SUMMARY
Mapping of mineral absorptions on Phobos and Deimos using visible / near infrared (0.4
- 4.0 μm) observations from CRISM shows that Fe2+ electronic absorptions diagnostic of olivine
and pyroxene are not detectable on the moons' surfaces. CRISM data show a broad absorption
centered around 0.65 µm within the red spectral units of both moons, and this feature is also
evident in telescopic, Pathfinder, and Phobos-2 data for Phobos. CRISM data also show a 2.8 μm
metal-OH combination absorption for both moons, with a shallower absorption associated with
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the Phobos blue unit. The strength, position, and shape of both of these absorptions are similar
to features seen on red, low albedo primitive asteroids through the solar system.
Two end-member hypotheses could explain the spectral features on Phobos and Deimos.
The first invokes the presence of highly desiccated Fe-phyllosilicate minerals inherent to the
Phobos and Deimos to explain the absorption features, and the second appeals to exogenic
processes associated the solar wind that may create Fe and OH on the moons' surface. Expanded
wavelength coverage in the far UV with remote sensing may provide further constraints on the
moons' compositions, but in-situ exploration by a lander or through a returned sample will be the
most robust way to ultimately determine the underlying causes for the pair of spectral features
observed on Phobos and Deimos.
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3.9 FIGURES
Figure 3.1: Context HiRISE and CRISM images of Phobos and Deimos
(top) High spatial resolution context HiRISE observations of Phobos (PSP_007769_9010) and
Deimos (ESP_012065_9000) and (bottom) CRISM observations acquired at similar illumination
and viewing geometries for Phobos (FRT00002992_03) and Deimos (FRT00002983_03). The
Phobos blue spectral unit is visible to the east of Stickney crater. Most of Phobos is covered by
the red spectral unit that is spectrally similar to Deimos. Two additional CRISM observations of
Phobos (FRT00002992_01 and FRT00002992_05) and Deimos (FRT00002983_01 and
FRT00002983_05) are not shown but have similar viewing geometries.
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Figure 3.2: Representative CRISM I/F and SSA spectra from Phobos and Deimos
(a) Representative CRISM I/F spectra from regions of interest covering the Phobos red and blue
units and Deimos. The Deimos spectrum is brighter than the Phobos spectra because it was
acquired at a lower phase angle and the moons have backscattering surfaces. (b) Derived single
scattering albedo spectra (SSA) for the same regions, by definition independent of lighting and
viewing geometries.
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Figure 3.3: Mineral parameter maps of CRISM Phobos and Deimos data
Mineral parameter maps generated from CRISM Phobos and Deimos single scattering albedo
observations. There is no evidence for features above the noise in parameter maps for low- and
high-calcium, pyroxene, olivine, and 1.9 μm (molecular H2O), but there is a signature for a band
at 0.65 μm that is spatially correlated with the red-blue index. There is also a ubiquitous 2.8 μm
band that is on average deeper in the Phobos red unit and Deimos than the Phobos blue unit.
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Figure 3.4: SSA and telescopic spectra showing absorption at 0.65 µm in Phobos Red Unit
(a) Single scattering albedo (SSA) scaled to 0.55 μm and offset for clarity comparing CRISM
and telescopic data over Phobos’ blue and red units and Deimos. The CRISM data are averages
of multiple pixels from each region from the disk-resolved image. The disk-integrated
telescopic data are centered over Phobos’ red (92° longitude) and blue (74° longitude) units.
Dashed lines are linear continuums from 0.5 – 0.85 μm. (b) Same spectra continuum removed.
The CRISM Phobos red unit, Deimos, and telescopic red unit dominated spectra all show a
feature centered near 0.65 μm having a consistent width and depth.
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Figure 3.5: Thermally corrected CRISM SSA spectra showing absorption near 2.7 μm
CRISM single scattering albedo (SSA) scaled to 1.55 μm and offset for clarity showing spectra
over Phobos’ blue and red units and Deimos (thin, pale lines). Spectra that have been smoothed
using a 5x5 median filter (heavy line) are over plotted. The spectra all show a feature centered
near 2.8 μm that is slightly deeper in the Phobos red unit and Deimos than in the Phobos blue
unit.
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Figure 3.6: Asteroid spectra with 0.65 µm feature
Linear continuum removed (a) and scaled (b) asteroid normalized reflectance spectra having
similar 0.65 features μm to Phobos’ red unit and Deimos. Asteroid spectra are from the Vilas
asteroid survey (Vilas et al., 1998) Spectra in (a) have been fit with a 5th order polynomial
(heavy dotted line) to emphasize the width and location of the band near 0.65 μm.
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Figure 3.7: Asteroid spectra with 2.7 µm feature
Scaled normalized reflectance asteroid spectra having similar 2.8 μm features to Phobos and
Deimos. Asteroid spectra have been binned by a factor of 9 from original data and corrected
using beaming parameters of 0.900 (Stereoskopia), 0.975 (Aegle), 0.800 (Egeria), and 0.950
(Nemausa) (discussion of data reduction techniques in Rivkin et al., 2011).
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Figure 3.8: Comparison of CRISM Phobos red unit spectra to laboratory analogs and
models
(a) Comparison of Phobos red unit CRISM (red) and telescopic spectra (green) to Fephyllosilicates cronstedtite (USGS spectral library sample M3542), nontronite (PHY07) at room
temperature (Morris et al., 2010 sample A2D05711) and heated to 105 C for 451 hr. (Morris et
al., 2010 sample A2D06206). CRISM Phobos single scattering albedo data have been modeled
at laboratory viewing geometry. Deimos spectra not shown to improve clarity of figure. (b)
Comparison to model with iron particles of varying sizes, described in text. (c) Linear
continuum removed versions of all spectra highlighting position of band near 0.65 μm.
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Chapter 4: A Hematite-Bearing Layer in Gale Crater: Mapping and
Implications for Past Aqueous Conditions
Associated Publication: Fraeman, A., Arvidson, R., Catalano, J., Grotzinger, J.,
Morris, R., Murchie, S., Seelos, F., Seelos, K., McGovern, J., Humm, D., Stack,
K., Viviano, C. 2013. "A hematite-bearing layer in Gale Crater: mapping and
implications for past aqueous conditions," Geology, 41, 1103-1106,
doi:10.1130/G43613.1

ABSTRACT
Oversampled CRISM visible/near-infrared hyperspectral data over Mt. Sharp in Gale
Crater were used to generate spatially sharpened maps of the location of red crystalline hematite
within the uppermost stratum of a ~6.5 km long ridge on the mound's northern flank. Finely
layered strata underlie the ridge to the north and have dips consistent with the nearby Mt. Sharp
sedimentary sequence. Fe/Mg smectites are exposed in a valley to the south of the ridge.
Emplacement of the hematite is hypothesized to result either from exposure of anoxic Fe+2-rich
groundwater to an oxidizing environment, leading to precipitation of hematite or its precursors,
or from in place weathering of precursor silicate materials under oxidizing conditions. These
hypotheses and implications for habitability will be testable with in situ measurements by the
Curiosity Mars Rover when it reaches Mt. Sharp.
4.1 INTRODUCTION
In August 2012 the Mars Science Laboratory (MSL) rover Curiosity landed in Gale
Crater, a ~155 km diameter impact crater located near the Martian hemispheric dichotomy. Gale
Crater was selected as the landing site largely due to the presence of a ~5 km high mound of
layered rock in its center named Mt. Sharp (formally Aeolis Mons) (Grotzinger et al., 2012).
Hyperspectral data acquired by the Mars Reconnaissance Orbiter (MRO) Compact
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Reconnaissance Imaging Spectrometer for Mars (CRISM) indicates that Mt. Sharp contains a
stratigraphic sequence with Fe/Mg smectites in the lowest layers that transition upwards to layers
with hydrated sulfates (e.g., Milliken et al., 2010). The uppermost strata of the mound contain
only anhydrous minerals (Milliken et al., 2010; Grotzinger et al., 2012). The extensive
stratigraphic section exposed in Mt. Sharp provides Curiosity with the opportunity to
characterize bedrock that was emplaced during periods of global-scale environmental changes on
Mars (Thomson et al., 2011).
Hematite was first observed in Mt. Sharp by Milliken et al., (2010) who noted its
presence mixed within the hydrated sulfate strata. The CRISM data used by Milliken et al.
(2010) for mineral mapping were acquired in a full resolution targeted (FRT) mode (Murchie et
al., 2007) with a pixel size of ~18 m. Subsequent to that work, the gimbaled CRISM optical
system was operated to oversample some scenes in the along-track direction, i.e., to collect
spectra at sub-pixel intervals in the along-track direction. This oversampled mode allows
enhanced spatial resolution mapping of mineral spectral signatures.
Here we introduce spatial sharpening techniques for an oversampled observation centered
on a ridge running along the northern flank of Mt. Sharp (Fig. 4.1). We use the results to
generate the highest spatial resolution map to-date of a hematite deposit that is localized in the
uppermost stratum of the ridge. Using updated parameter mapping from FRT data (Seelos et al.,
2013), we also find the ridge deposits are relatively dehydrated compared to surrounding
materials. We propose two possible formation environments for the hematite that can be tested
by Curiosity while simultaneously addressing Curiosity’s mission objectives to search for
habitable environments. This region is projected to be among the first Mt. Sharp deposits
traversed by Curiosity (Grotzinger et al., 2012) (Fig 4.1).
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4.2 SPATIAL PROCESSING OF CRISM ALONG-TRACK OVERSAMPLED DATA
CRISM operates analogously to a line scanner where incoming spectral radiance enters
spectrometer optics through a narrow slit and is split into short-wavelength (S, 0.41–1.03 m)
and long-wavelength (L, 1.03–3.92 m) ranges. High-resolution targeted observations have pixel
footprints determined by CRISM's instantaneous field of view of 61.5 rad cross-track (~18 m
projected onto the surface). Along-track pixel spacing is governed by integration time, the alongtrack velocity of MRO, and extent to which a gimbal compensates for MRO's motion. In
standard FRT observations, pixels are collected at sampling intervals of ~61.5 rad along-track
to “square” the pixels. In along-track oversampled observations (ATOs), the gimbal sampling
interval is commanded to be <<61.5 rad between image lines to provide spatial overlap needed
to support image sharpening. Spacing between pixels for the ATO used in this paper
(FRT00021C92) ranges from ~1 m to ~18 m across the scene when projected onto the surface.
One advantage of ATOs is the ability to generate map products with smaller pixel sizes
than standard FRTs. We use the built-in geometric lookup table (super-GLT) mapping in ENVI
software to produce products with resolutions as low as ~6 m/pixel in the along-track direction.
The super-GLT processing method creates a spatial filter for a projection at a specified spatial
resolution and then averages data near the filter centers weighted by 1/pixel distance from the
filter center. This procedure assumes a minimum number of real data values are present within
the filter area, otherwise the resulting central pixel value is left as 0. We run this process
sequentially with 6, 9, 12, 15, and 18 m/pixel spatial filters and keep the highest resolution data
where it exists.
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4.3 MAPPING OF CRYSTALLINE HEMATITE AND ADDITIONAL MINERAL PHASES
The use of mineral parameter maps to identify areas for spectral analysis has proven
valuable in the analysis of CRISM data (Pelkey et al., 2007, Seelos et al., 2013). Thus we have
generated parameter maps from atmospherically corrected I/F (radiance/(solar irradiance/π))
spectral cubes for the processed ATO scene. Atmospheric corrections were applied using the
standard “volcano-scan” method, which divides spectra containing atmospheric contributions by
a scaled atmospheric transmission spectrum collected over Olympus Mons (e.g., Murchie et al.,
2009). In addition to parameter maps from the ATO observation, we have also examined newly
processed parameter maps from earlier FRT observations acquired without oversampling but
with much colder detector temperatures than the ATO data (Seelos et al., 2013). These
parameter maps were generated by explicit modeling of atmospheric and surface radiances to
isolate surface mineral signatures. ATO parameter maps are similar to the FRT products,
although the L-detector based ATO data are noisier due to warmer detector temperatures.
Results are similar to Milliken et al., (2010) in that they show Fe/Mg smectites located in
a valley south of the ridge of interest and hydrated phases on the dissected strata north of the
ridge, although in contrast to the previous work, the ridge itself appears less hydrated than the
surrounding strata (Fig. 4.2a). The innovation of the along-track oversampling becomes
apparent in S-detector based parameter maps covering the ridge, which runs approximately
perpendicular to the cross-track direction and therefore benefits from oversampling in this
direction. The enhanced resolution of the ATO data coupled with overlays onto 0.25 m/pixel
(High Resolution Imaging Science Experiment) HiRISE image data show that a 0.86 m
absorption feature is associated with the uppermost stratum on the southern side of the ridge
(Fig. 4.2b, 4.3b).
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Red crystalline hematite is characterized by a feature at 0.86 m as well as two electronic
transition bands near 0.55 and 0.64 m and a relative reflectivity maximum at 0.75 m (e.g.
Morris et al., 1985) (Fig. 4.4). I/F spectra averaged over hundreds of pixels from the southern
side of the ridge and normalized by the average spectrum in each image column (to minimize
instrument artifacts and enhance local spectral variations) show pixels within this area have
bands near 0.55 and 0.86 m as well as a maximum at 0.75 m, consistent with the laboratory
spectra of red hematite (Fig. 4.4). The depth of the 0.86 m band increases as the depth of the
0.55 m band increases and the maximum at 0.75 m is unique to normalized spectra at the
ridge, further indicating the presence of hematite in this region. Unfortunately, the presence of
the 0.64 m band cannot be confirmed because of a wavelength gap in the CRISM S-detector
(Murchie et al., 2007). Non-normalized I/F spectra also display these characteristics, although
absorption features are less prominent due to the ubiquitous contamination by wind-blown dust
and sands.
4.4 HEMATITE RIDGE GEOLOGY SETTING AND FORMATION HYPOTHESES
The extensive mineral signatures near the ridge (Fig. 4.2) may result from the proximity
of these exposures to the mouth of a large trough extending southward up Mt. Sharp (labeled in
Fig. 4.1). Water and/or winds have likely stripped this region, keeping surfaces relatively free of
dust and leaving the erosion-resistant, hematite-bearing ridge intact. The ridge is ~200 m wide
and extends ~6.5 km NE-SW, running approximately parallel with the base of Mt. Sharp (Fig.
4.1). To the west, the ridge transitions to an escarpment overlain by younger strata; to the east,
debris flows from Mt. Sharp cover and obscure the ridge. The upper ridge is defined by multiple
layers exposed where the ridge is partially eroded (Fig. 4.2b), and the hematite signature maps
most closely to the southern and uppermost layer of the ridge (Fig. 4.2b, 4.3b). Due to the
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northwest dip of the ridge strata, the upslope (southern) edge of the ridge is a few meters higher
than the downslope (northern) side and rises ~10 m above the phyllosilicate-bearing trough
directly upslope. The southern side of the ridge is similar in elevation to the lowest layers in the
sulfate-bearing unit south of the phyllosilicate-bearing trough (Fig. 4.2a, 4.3b). Bedding
orientations were measured at 42 locations along the ridge using HiRISE orthoimages and digital
elevation models. Beds dip to the northwest at an average dip of 7.1º with a standard deviation of
2.5º. Bedding orientations were also measured at 12 locations within the sulfate-bearing strata ,
and beds in this unit display an average dip of 6.4º with a standard deviation of 2.9º (Fig. 4.3).
The similarity between the bedding orientation measurements within the ridge and in the strata
above and below it imply that the ridge strata are likely part of the original Mt. Sharp
stratigraphic sequence.
That the strata in the ridge are conformable with nearby layers in Mt. Sharp and the fact
that there are no obvious nearby fractures suggests the hematite is associated with the Mt. Sharp
sedimentary sequence rather than a massive lava flow. This leads to two hypotheses regarding
the hematite’s formation: (1) Transport of soluble Fe2+ ions by anoxic fluids that encountered an
oxidizing environment and subsequently precipitated relatively insoluble Fe3+ minerals, or (2) in
place oxidative weathering of Fe2+-bearing materials by neutral to slightly acidic waters. In both
settings, reduced iron (Fe2+) is substantially more soluble than oxidized iron (Fe3+). Depending
on assumptions regarding the phase limiting solubility of Fe3+ (hematite or metastable phases
such as ferrihydrite, schwertmannite, or jarosite), Fe2+ is calculated to be 109 to 1011 times more
soluble at pH 7 and 103 to 105 times more soluble at pH 2 using established thermodynamic data
(Delany and Lundeen, 1991; Majzlan et al., 2004a; Majzlan et al., 2004b; Grevel and Majzlan,
2011).
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For the first hypothesis, anoxic groundwater traveling through Mt. Sharp would transport
Fe2+ in solution until encountering an oxidizing atmosphere or mixing with oxidizing local
groundwaters. Hematite would form where mixing and Fe2+ oxidation occurs. Hematite's
precipitation is normally kinetically limited, so precursors such as schwertmannite, goethite or
ferrihydrite would likely form first and over time undergo a phase transition to the
thermodynamically stable phase hematite (Cornell and Schwertmann, 2006). The source of the
Fe2+ could be dissolution of soluble ferrous sulfates within Mt. Sharp, although remote sensing
data has shown only magnesium sulfates present (Milliken et al., 2010). However, subsurface
deposits of soluble ferrous sulfate are not unreasonable on the basis of the similar solubility and
chemical behavior of Fe2+ and Mg2+. Additionally, ferrous sulfates are expected to be
unobservable by remote sensing methods because these phases would be oxidized after exposure
to UV light and water or atmospherically-produced oxidants (Jambor et al., 2000; Jerz and
Rimstidt, 2003). The highly localized exposure of the hematite suggests mixing would have
occurred as a redox-front, and hematite and its precursors could be present as cement and matrix
fill or, less likely, directly deposited on the surface. Similar redox interface settings have been
postulated to be the origin of iron oxides at Meridiani Planum, Mars (Hurowitz et al., 2010),
although specifics of these settings could differ due to stagnant waters proposed at Meridiani
Planum versus possible flowing water through Mt. Sharp at Gale Crater.
For the second hypothesis, slightly acidic waters would corrode olivine and other local
silicate materials, neutralizing the waters and depositing hematite and/or its precursors under
oxidizing conditions, Low pH water could be sourced from acid rain during periods of
volcanism. In this scenario, other mineral phases should also be present because corrosion of
local materials would have released cations and anions. In particular, this processes would
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produce a high-SiO2 residue near where the leaching has taken place that has not been reported
to date at Gale Crater. However, the residue may be present only in small-scale outcrops or
subsurface and therefore not detectable by CRISM, similar to Gusev Crater where subsurface
high-SiO2 (and high-Fe3+-sulfate) deposits were observed by the Spirit rover but not detected by
CRISM (Arvidson, et al., 2008).
Curiosity’s scientific payload is well-equipped for testing hypotheses about hematite
formation (Grotzinger et al., 2012). If hematite formed through in-place alteration of local
materials, images from Mastcam and the Mars Hand Lens Imager (MAHLI) would show
corrosion of local, originally Fe2+-bearing, materials. In this scenario, hematite is also expected
to be present as either a coating or cement fill and to be spatially associated with easily leached
material. Data from the Chemical Camera (ChemCam), Alpha-Particle X-Ray Spectrometer
(APXS), and Chemistry and Mineralogy Instrument (CheMin) would show the presence of
amorphous SiO2 and/or possibly phyllosilicates formed during weathering. Alternatively, if
hematite formed through oxidation of Fe2+ transported by anoxic fluid flow, ChemCam, APXS,
and CheMin analyses of ridge outcrops would be consistent with local bedrock enriched in an
additional hematite component. MAHLI observations may also show hematite is present as a
pore-filling cement.
Regardless of formation mechanism, both scenarios indicate that this ridge was a site of
past active iron oxidation and thus is a site to search for evidence of past habitability. Iron
oxidation that occurs in terrestrial environments at chemical interfaces is almost exclusively
mediated by chemolithotrophic microorganisms that obtain energy by enzymatically coupling the
oxidation of Fe2+ to the reduction of an oxidant such as O2 or NO3- (Weber et al., 2006). While
many locations on Mars provide potential chemical energy for life to conduct chemolithotrophic
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metabolic processes, this hematite-bearing ridge represents a specific site that is accessible for
detailed study by a rover where concentrated and localized iron oxidation occurred, and thus is a
prime candidate for searching for signs of past habitability.
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4.6 FIGURES
Figure 4.1: Ridge context map
(A) Themis daytime IR image overlain with MOLA elevations showing the context of Gale
Crater. (B) Context Imager mosaic showing the area from the white box in (A) and oversampled
CRISM observation FRT00021C92 (outlined in black). For comparison, the normal 18 m/pixel
CRISM FRT000058A3 is also shown (no outline). Both observations contain the same number
of pixels in the along-track direction, but the FRT00021C92 covers a smaller spatial areas in the
along-track direction due to oversampling. The CRISM images are false color with R = 0.6 µm,
G = 0.53 µm, and B = 0.44 µm. The hematite-bearing ridge is located at the base of a large
trough descending from the top of Mt. Sharp.
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Figure 4.2: CRISM mineral detections at and around ridge
(A) HiRISE image DT1EA_009149_1750_009294_1750_U01 overlain by 5x5 median filtered
0.86 µm band depth mineral parameter map (red), indicative of red hematite. The map was
created from FRT00021C92 and projected to along-track resolutions as small as 6 m/pixel.
Additional mineral phases mapped using 18 m/pixel FRT data show areas with Fe/Mg smectite
clay (2.3 µm band depth, yellow), sulfate minerals (SINDEX2, defined as convexity at 2.29 µm
due to absorptions at 2.1 µm and 2.4 µm, green), and hydrated phases (1.9 µm band depth, blue)
(Seelos et al., 2013). (B) Zoom in on hematite bearing ridge and ATO-generated 0.86 µm band
depth map. The CRISM detections follow the uppermost stratum on the southern end of the
finely layered ridge.
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Figure 4.3: Geologic setting of ridge
(a) Measured strikes and dips and (b) cartoon transect from A to A’ with a 2x vertical
exaggeration along the average terrain slope with layers drawn showing approximate measured
dips. Bedding orientation was calculated from HiRISE DTM
DTEEC_009149_1750_009294_1750_U01 by extracting X (easting), Y (northing), and Z
(elevation) coordinates along bedding planes using ENVI software. Coordinates were fit to a
plane using least squares multiple linear regression in MATLAB (Metz, 2010; Watters et al.,
2011), and the orientation of this plane represented the strike and dip of the measured bed. Onesigma confidence intervals for the strike and dip measurements were calculated for each bedding
plane using a Monte Carlo simulation (bootstrapping with 1000 iterations) of a random residual
error in elevation (Metz, 2010). Only every other bedding measurement is shown for clarity in
the figure.
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Figure 4.4: CRISM ridge spectrum and laboratory analogs
Average of hundreds of CRISM I/F spectra from the area on the southern side of ridge
normalized by column averages of pixels from the same columns. The steep slope at
wavelengths shorter than ~0.55 µm is likely an artifact of the normalization and incomplete
removal of atmospheric aerosols. The bands around 0.55 µm and 0.86 µm as well as local
maximum near 0.75 µm are consistent with red crystalline hematite. (B) Bidirectional reflectance
iron oxide laboratory spectra from the USGS spectral library (red hematite GDS27,
lepidocrocite, goethite, ferrihydrite), Morris et al. 1985 (red hematite HMS03), and Lane et al.,
(2002) (gray hematite HM1R2).
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Chapter 5: Future In Situ Observation of the Hematite Ridge with
Curiosity
ABSTRACT
Curiosity's instrument payload will be a powerful tool for investigating the hematitebearing ridge described in Chapter 4. Although at the time of writing the rover is still ~6 km
north of the ridge, high resolution color imaging and low resolution spectral remote sensing data
of the ridge collected by Curiosity are consistent with the CRISM and HiRISE orbital
observations. Once Curiosity does arrive at Mt. Sharp, strategic path planning to reach the
hematite-rich ridge top will be necessary to find a traversable route that provides access to the
most scientifically rewarding targets. A detailed in situ campaign at the ridge is proposed and
consists of survey remote sensing coupled with targeted contact science, drilling, and both
mineralogical and reduced carbon compound analyses. Using this strategy, Curiosity is well
equipped to distinguish between predicted end-member textural scenarios for ridge materials,
which will be essential to understand the formation and evolution of ridge.

5.1 INTRODUCTION
The Curiosity Mars rover is equipped with a payload of scientific instruments that were
selected for their ability to address questions about the habitability of ancient and modern Mars
[Grotzinger et al., 2012], and these instruments will be powerful tools for investigating the
hematite-bearing ridge described in Chapter 4. In this chapter, we briefly review Curiosity's
instrument payload and describe the "ground-truth" remote sensing observations the rover has
been able to make of the ridge since landing. We then consider the detailed measurement
campaign Curiosity should conduct when reaching the ridge and discuss how the instrument
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capabilities will be used to distinguish between the predicted end-member textural possibilities
for materials at the ridge. This thought experiment is based on a combination of investigations
of orbital data, experience with the previous drill campaign at Yellowknife Bay, and analyses of
iron oxide and oxyhydroxide terrestrial samples that are textural analogs for ridge materials.

5.2 BACKGROUND: CURIOSITY PAYLOAD
Curiosity’s science payload is comprised of ten instruments (Fig. 5.1) that are used
synergistically to address the mission objectives of assessing the biological potential and
characterizing the geology of Gale Crater, investigating planetary processes that influence
habitability, and characterizing the broad spectrum of surface radiation [Grotzinger et al., 2012].
The instruments are used to analyze rock, soil, and atmospheric targets of interest through a
combination of in situ remote sensing and contact investigations, and they are described briefly
below.

5.2.1 Mast-mounted remote sensing instruments
Two instruments mounted on Curiosity’s remote sensing mast, the Mast Cameras (Mastcam)
and the ChemCam, give textural and compositional information about the terrain through remote
sensing. The Mastcam is composed of a pair of fixed focal length cameras that capture
broadband color (RGB) context imagery. One camera, the M-34, has a focal length of 34 mm,
field of view of 15˚, and has a pixel scale of 22 cm at 1 km distance. The other, the M-100, has a
100 mm focal length, field of view of 5.1˚, and pixel scale of 7.4 cm at 1 km distance
[Grotzinger et al., 2012]. In addition to providing broadband color imaging, both cameras are
equipped with a set of narrowband "science filters" intended for making multispectral
measurements at 10 distinct wavelengths ranging from 440 nm to 1000 nm [Bell et al., 2012].
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The ChemCam instrument package is comprised of two instruments, a Laser-Induced
Breakdown Spectrometer (LIBS) that provides remote elemental information at millimeter size
scales, and the Remote Mast Imager (RMI) that generates high-resolution black and white
context images with pixel sizes of 40-120 µm at distances of 2-6 m [Maurice et al., 2012; Wiens
et al., 2012]. In addition to compositional information, pit sizes from the LIBS instrument have
also been analyzed to infer information about physical properties of rocks and soils [Arvidson et
al., submitted], and the spectrometer component of the LIBS instrument has been operated in a
passive mode in which it collects high-resolution hyperspectral information of point targets from
400 – 850 nm [Johnson et al., 2014a].
Also partially mounted on the mast is the Rover Environmental Monitoring Station (REMS),
which is an environmental science instrument designed to investigate the modern day weather
patterns at Gale Crater [Gómez-Elvira et al., 2012]. Two booms equipped with wind, humidity,
and air and ground temperature sensors are attached about halfway up the remote sensing mast,
and a UV sensor assembly and pressure sensor that are also part of REMS are located on the
rover deck.

5.2.2 Arm contact science instruments
The 70+ kg instrument arm is the home of the Sample Acquisition, Processing, and Handling
(SA/SPaH) system, which is used to acquire rock and soil samples and deliver them to
instruments internal to the rover (section 5.2.3).

The SA/SPaH contains a dirt removal tool for

cleaning dusty rock surfaces, a scoop for collecting loose soil samples, and a drill that is used to
collect consolidated rock samples [Anderson et al., 2012]. The SA/SPaH also houses two
scientific instruments that provide textural and compositional information through contact
science, the Mars Hand Lens Imager (MAHLI) and the Alpha Particle X-Ray Spectrometer
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(APXS). MAHLI is analogous to a geologist’s hand lens and captures color images with spatial
resolutions as high as 14 µm/pixel [Edgett et al., 2012]. MAHLI can focus on targets at
distances from 21 mm to infinity, and the instrument is also equipped with white and UV LEDs
for nighttime imaging. The APXS similar to instruments flown on Pathfinder, Spirit, and
Opportunity, but with higher detection sensitivities and shorter necessary integration times, and
this instrument provides elemental analyses of rock and soil targets [Campbell et al., 2012].

5.2.3 Rover body instruments
Two instruments located inside the body of Curiosity, Chemistry and Mineralogy
(CheMin) and Sample Analysis at Mars (SAM), require delivery of drilled or scooped samples
from the SA/SPaH. CheMin is an X-Ray Diffraction (XRD) instrument that also has X-ray
Fluorescence (XRF) capabilities [Blake et al., 2012]. CheMin provides definitive mineralogy,
with a quantification accuracy of ±15% for minerals that are present in concentrations of 12%
and above. The SAM instrument suite is comprised of three individual instruments, a
Quadrupole Mass Spectrometer (QMS), a Gas Chromatograph (GC), and a Tunable Laser
Spectrometer (TLS) [Mahaffy et al., 2012]. Together, these instruments address carbon
chemistry through detecting the presence of organic compounds, determining the chemical state
of other light elements besides carbon, and detecting isotopic ratios that are indicative of
planetary evolution.
Two additional instruments in the rover body are Dynamic Albedo of Neutrons (DAN)
and Radiation Assessment Detector (RAD). DAN is a neutron spectrometer that measures the
abundance and distribution of hydrogen in the shallow Martian subsurface [Mitrofanov et al.,
2012]. RAD is an energetic particle detector whose primary science objectives include

105

characterizing the energetic particle spectrum at Mars and providing input to help understand the
radiation input to any future or past life on Mars [Hassler et al., 2012].
A fifth instrument on the rover body, MARDI (Mars Descent Imager), is an imager
located under the belly of the rover and was used primarily to image Curiosity’s descent onto the
floor of Gale Crater [Grotzinger et al., 2012]. Since landing, MARDI has also been used to
image the terrain directly below the vehicle.
5.3 CURIOSITY’S INITIAL OBSERVATIONS OF THE RIDGE
Steep slopes, abundant scarps, and rocky terrain precluded Curiosity from landing
directly on the flanks of Mt. Sharp. The rover instead landed on the flat plains of Gale Crater,
approximately 4 km due north of the mound’s base and 6 km north of the eastern-most edge of
the hematite ridge (Fig. 5.2). Soon after touching down at Bradbury Landing, Curiosity drove
451 m east towards Yellowknife Bay, where coordinated measurements from the rover’s full
payload provided evidence that the area was once a habitable fluvio-lacustrine environment
[Grotzinger et al., 2014]. After completing the work at Yellowknife Bay, Curiosity began a ~8.6
km southwest trek towards the entrance point of Mt. Sharp, which is defined by a break in the
dune field that surrounds the mound (Fig. 5.2).
At the time of writing, Curiosity is still several kilometers from the mound and hematite
ridge. Despite this distance, both the Mastcam M-100 and M-34 cameras have been able to
collect RGB images of the ridge at several locations along the traverse due in part to the
cameras’ high resolving power at long distances and in part to low atmospheric opacities at the
time of imaging (Fig. 5.3, 5.4(a)).

Close examination of these images show that the ridge is

layered (Fig. 5.3(a)), with the layers dipping at angles that are qualitatively similar to the layers
in the overlying sulfate stacks. The ridge is also composed of light-toned bedrock that contrasts
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with the surrounding dark basaltic sands. Steep scarps designate the edges of the ridge in some
locations, and confirm its erosive resistant nature in comparison with the surrounding terrain.
On sol 467 and 475, during a period of particularly low atmospheric opacity, ChemCam
acquired passive spectra from point targets on a portion of the ridge ~5 km away from the rover.
These data are presented and analyzed in Johnson et al., [2014b], and they provide the first highresolution "ground truth" spectral data of the ridge. The ChemCam data cover a wavelength
range from 400 nm - 850 nm, and show the ridge materials are associated with an enhanced 535
nm band, a minor 670 nm band, and a reflectance peak at ~750 nm followed by a downturn (Fig.
5.4). All of these features are consistent with the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) observations of the ridge (Fig. 4.4) and the presence of
crystalline hematite.
Mastcam was also commanded to use its narrow band "science filters" to acquire
multispectral images of the same area of the ridge on sols 467 and 475. These data cover a much
larger spatial area than the ChemCam point targets, but they have much lower spectral resolution
and higher uncertainties in measured values. Analyses of the Mastcam images again presented in
Johnson et al., [2014] show the ridge has a relatively low 900 nm : 1000 nm ratio and high 900
nm - 1000 nm slope with respect to the surrounding terrain (Fig. 5.5). When combined with the
observed downturn between 750 nm - 850 nm from the ChemCam passive spectra, these findings
are consistent with the ridge containing material that has an absorption centered between 850 nm
and ~950 nm. An absorption near this location is caused by an 6A1 → 4T1 electronic transition in
iron, and it is a staple in all iron oxide reflectance spectra [Morris et al., 1985]. The low spectral
resolution of the Mastcam data and cutoff at 850 nm of the ChemCam data, however, does not
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allow for determination of the exact position of the absorption minimum, which precludes
definitively identifying hematite as the responsible iron oxide from these data alone.

5.4 RIDGE APPROACH AND INITIAL RECONNAISSANCE
Strategic path planning during the ridge approach will require carefully selecting a
traversable route that is both time-efficient and that will provide access to the most scientifically
rewarding targets. A combination of mobility constraints and analyses of orbital and in situ
remote sensing data will therefore be the inputs that drive the selection of a specific area within
the ~6 km long ridge for Curiosity to explore in detail (Fig. 5.6).
High Resolution Imaging Science Experiment (HiRISE) digital elevation models (DEMs)
show that slopes greater than 20˚ surround the ridge at many locations (Fig. 5.7). Field tests on
Earth have demonstrated that Curiosity is capable of traversing 20+˚ slopes on clean bedrock
surfaces [Arvidson et al., submitted], but if the bedrock is covered by debris, the amount of slip
the rover experiences may increase to the point where these slopes are no longer traversable.
There are a few locations along the edge of the ridge, however, that are bounded by slopes <15˚,
and several of these breaks are near locations with strong hematite signatures in the CRISM data
(Fig. 5.7). These areas are the best candidate locations for Curiosity to safely climb onto the
ridge top where the CRISM hematite signature was mapped.
Once Curiosity crosses the ridge, Curiosity will likely conduct a detailed in situ investigation,
including drilling samples to deliver to SAM and CheMin, to determine the mechanisms behind
its formation, evolution, and potential as a previously habitable environment. At Yellowknife
Bay, currently the only site where Curiosity has completed drilling activities [e.g. Grotzinger et
al., 2014], the rover spent several weeks performing systematic remote sensing and contact
science reconnaissance to provide geologic context and to guide the selection of two drilling
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locations. Building on the success of this campaign, a similar strategy of remote sensing coupled
with targeted contact science should be implemented for investigation of the hematite ridge.
Mastcam RGB and multispectral mosaics should be acquired of the area during initial ridge
reconnaissance. Similar to the parameter mapping techniques used in the CRISM orbital data
and the results from Johnson et al., [2014] discussed in section 5.3, parameters such as the 900
nm : 1000 nm ratio and 900 nm - 1000 nm slope in the high-spatial resolution Mastcam image
will provide an initial assessment of where and how hematite is distributed within the scene.
These observations will be a key product for understanding the geologic context of the deposit
and selecting hematite-rich locations for contact and drilled science. Mastcam multispectral data
will also give an initial hint about other mineral phases that are associated with the hematite.
ChemCam passive spectra should also be collected at locations suggested as having hematite
in the Mastcam multispectral data. Preliminary long distance observations have demonstrated
the utility of ChemCam passive observations for detecting a variety of ferric and ferrous phases
[Johnson et al., 2014a], and this tool will provide higher spectral resolution data to complement
Mastcam detections from selected locations. For targets of interest closer than 7 m, ChemCam
should also acquire active LIBS spectra that will give compositional information about any iron
oxides and associated phases that are present. On Mars, ChemCam LIBS data have detected
increased iron content at the Rocknest rock field that was interpreted to be due to an iron-oxide
cement [Blaney et al., submitted], although passive spectral data do not show clear evidence for
iron oxides in these same rocks [Johnson et al., 2014a]. This discrepancy is possibly due to the
passive spectral signatures being obscured by the ubiquitous Martian dust.
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5.5 DISTINGUISHING BETWEEN HEMATITE TEXTURES USING CONTACT SCIENCE
Clues to the origin of the hematite ridge will be preserved in its texture (section 4.4). The
resistant nature of the ridge and common textural forms of iron oxides implies the hematite is
likely present either as a coating, cement, or in a massive form. We have examined terrestrial
iron oxide and oxyhydroxide samples (herein after referred to by the general term “iron oxides”)
with these end-member textures to understand how Curiosity may distinguish between them
when the rover reaches the ridge and to predict the kinds of data it will collect (Fig 5.8). This
thought experiment will help inform the decisions and interpretations of the detailed contact
science and drill campaign Curiosity will likely conduct when reaching the ridge. Results are
summarized in table 5.1.
We characterized each sample spectrally by collecting visible-to-near infrared (VNIR)
spectra from 0.4 to 2.5 µm using an ASD field spectrometer. We also studied the fine-scale
texture and the distribution of iron within the samples using reflected and transmitted light thin
section analysis and backscattered-electron mapping using a JEOL JXA-8200 Electron
Microprobe. Finally we characterized the composition of the samples through selected
microprobe energy dispersive X-ray spectroscopy (EDS) spot analyses.

5.5.1 Iron oxides as dominant phase
Iron oxides are the dominant phase in a red rock from San Bernardino, CA that was
purchased from Burminco Rocks and Minerals (Fig. 5.8). Spectrally, this sample is a close
match to laboratory spectra of powdered hematite because it has absorptions near 0.53 µm,
0.63µm, and 0.88 µm caused by iron electronic transfers, and well as a relative reflectance
maximum near 0.75 µm (Fig. 5.9). The sample also has H2O and OH features at 1.4 µm and 1.9
µm as well as a pair of small absorptions near 2.3 µm and 2.35 µm likely due to metal-OH
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stretches from the presence of a mica-group phyllosilicate [Clark et al., 1990]. Thin section
analyses show at small spatial scales this rock is botryoidal, which is a common texture of iron
oxides (Fig. 5.10) [Cornell and Schwertmann, 2006]. EDS analyses reveal the sample is
primarily composed of iron oxide – silica mixtures, with a large light element component by
mass (Fig 5.10, Table 5.2). A few locations were also found that have compositions similar to
mica-group phyllosilicates, which is consistent with the VNIR spectral observations. To
supplement the EDS elemental analyses, powdered samples from this rock were also run through
the Bruker d8 Advance XRD to determine the mineralogy of the iron oxides present. The
resulting XRD pattern indicated both goethite and hematite were present within the sample,
along with an amorphous component (Fig. 5.11).
Despite its spectral similarity to the powdered laboratory hematite standard, very little of this
sample is actually pure hematite and it is mostly composed of material with compositions closer
to goethite. The spectral dominance of hematite over other iron oxides is well documented
[Cornell and Schwertmann, 2006], and this behavior raises the possibility that despite its spectral
similarity to hematite, the ridge material could also be a mixture of a various iron oxides phases
with only a minor component of hematite. CheMin XRD analyses of drilled samples will be
need to clearly distinguish the specific iron oxides phases present in the ridge.
If the ridge materials are similar in texture to this sample, they will appear to be massive in
Mastcam-scale images, and botryoidal structures would be resolved in MAHLI (and possibly
Mastcam) observations. LIBS-based compositions will be fairly homogenous across multiple
locations and depths, although they may show variations in Fe and Si contents between shot
locations. APXS data will be dominated and Fe and Si, and CheMin will show the sample is
primarily dominated by iron oxides (Table 5.1).
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5.5.2 Cements
Iron oxides are present as cements in sandstones from the Cambrian Lamotte Formation and
Ordovician Roubidoux Formations, both located in Missouri (Fig. 5.8). Although the quartz-rich
nature of these sandstones is not likely representative of Martian materials, the alluvial
environments in which they formed are similar to environments inferred to have been present in
the plains of Gale Crater [Williams et al., 2013]. Thin section analyses show these samples are
grain supported quartz sandstones cemented by a red-brown matrix (Fig. 5.12). In hand
samples, these grain-supported sandstones are highly friable, indicating they are only weakly
cemented.
EDS analyses and electron backscatter images revealed that the cement is composed of a
mixture of Al-rich clays and only a small amount of iron oxides (Fig. 5.12, Table 5.3). Despite
the relatively small amount of iron oxides in the sample compared with quartz and clay, their
presence is clearly evident in the VNIR spectra. Both samples have spectra with electronic
transition absorptions at ~0.5 µm, 0.65 µm, and 0.9 µm as well as a local maximum near 0.75
µm, intermediate between powdered laboratory goethite and hematite spectra (Fig. 5.13). The
presence of these absorptions caused by only a small amount of iron oxide in the samples
demonstrates that if hematite is present in the ridge as a cementing agent, it may only comprise a
small volume percent of the entire bedrock despite its strong spectral signature. Both samples
also have clear spectral evidence for Al-rich clays due to H2O and OH absorptions at 1.4 and 1.9
µm, and Al-OH absorptions near 2.2 µm. For the Lamotte sandstone, the absorption at 2.2 µm is
actually a doublet characteristic of kaolinite, while in the Roubidoux sandstone, the single
absorption near 2.2 µm is more consistent with montmorillonite [Clark et al., 1990].
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If the ridge materials are cements, Mastcam and MAHLI images may be able to resolve
individual grains, the distribution of cement between grains, and whether the sandstone is grain
or matrix supported. These images may also show primary sedimentary features (e.g. bedding or
mud cracks) that would provide information about materials' depositional environment. LIBS
data will be heterogeneous between shot points, reflecting compositions of both the grains (likely
basaltic) and matrix, and the size of LIBS pits will give information about the strength of the
cement. APXS compositional data will also be reflective of the mixture of cement and grain
compositions. If the sample has greater than 3 wt% of crystalline hematite (the detection limit
for crystalline phases in CheMin [Blake et al., 2012]) a sample delivered to CheMin will show
minor to significant amounts of iron oxide, and the composition of the grains will also be
noteworthy contributors to the sample's bulk composition (Table 5.1).

5.5.3 Coatings
River rocks from the Berrocal section of Rio Tinto, Spain represent iron oxides in the form of
coatings (Fig 5.8). These coatings formed when seasonal evaporation of river waters rich in
sulfuric acid and ferric iron left behind sulfate salts that, in the returning rainy season,
subsequently underwent hydrolysis and precipitated as nanophase goethite [Fernández-Remolar
et al., 2005]. Spectrally, the Rio Tinto rocks have electronic transition absorptions at 0.5 µm,
0.65 µm, and 0.9 µm and a local maximum near 0.75 µm, consistent with laboratory powdered
goethite (Fig 5.14). The samples also have absorptions near 1.4 µm, 1.9 µm, and 2.4 µm,
consistent with sulfates such as jarosite (Fig 5.14) [Clark et al., 1990]. The thin section analyses
and backscattered electron images (Fig 5.14) show the iron oxide coating is only a few hundred
microns thick, and EDS analysis of highly backscattering material reveals the coating is
comprised of goethite-like iron oxides (Table 5.4, Fig 5.15). Similar to the cemented sandstones,
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the coated samples once again highlight the spectral dominance iron oxides can have despite
being present as only a minor phase in the whole sample.
If Curiosity encounters coatings at the ridge, they may appear homogenous at both Mastcam
and MAHLI spatial scales. Any areas where the coating is patchy will provide information about
the thickness of the coatings and the nature of underlying rocks. Laboratory experiments have
demonstrated that depth profiling with LIBS can reveal compositional changes in sample suites
consistent with the development of coatings and rinds [Lanza et al., 2012], and LIBS
measurements of hematite coated calcite from the Saline Valley, CA have shown this technique
will be sensitive to hematite coatings in particular [Sharma et al., 2007]. LIBS shots will
therefore be spatially homogenous across sample locations but they will become less iron rich
with increasing depth/shot number. APXS data will show the rock compositions are a mixture of
iron oxides and composition of the underlying parent rock. Collecting a coating through drilling
maybe problematic as Curiosity’s drill does not save the upper-most portion of the drill core
[Anderson et al., 2012]. CheMin may therefore only show trace amounts of iron oxides in a
coated sample (Table 5.1).
5.6 CONCLUSIONS
Even from ~6 km away, “ground-truth” remote sensing observations from Curiosity show
the materials in the ridge are consistent with orbital predictions discussed in Chapter 4, and these
observations strengthen the argument that the ridge should be a high priority target for Curiosity.
When the rover eventually reaches the ridge, the best way to investigate it to understand its
origin and evolution will be through a combination of remote sensing analyses and targeted
contact science. The textures of the hematite in the ridge will reflect its formation mechanism,
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and Curiosity will be able to distinguish between the three end-member textures that are likely to
be present.
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5.8 TABLES
Table 5.1: Summary of Expected Observations for Iron Oxides with Different Textures
Texture

Mastcam

ChemCam

Dominant
Phase

At Mastcam spatial
scales see massive
exposures, perhaps
including botryoidal
structures.

LIBS-based compositions
will be fairly homogenous
both spatially and with
depth, show variations in
Fe and Si content between
shot points.

Cement

Coating

Individual grains and
cement resolved in
Mastcam scale images.
Primary sedimentary
features (e.g. cross
bedding or mud
cracks) provide
evidence for
depositional
environment.
At Mastcam spatial
scales, textures appear
to be homogenous.
Patchy coatings
provide information on
thickness of coatings
and nature of
underlying rocks.

MAHLI
MAHLI scale
resolution able to
resolve if sample has
botryoidal texture
similar to laboratory
samples.

APXS

CheMin

SAM

Data
dominated by
Fe and Si.

Samples
dominantly iron
oxides.

Search for
reduced
carbon
compounds.

Compositions from LIBS
rasters heterogeneous and
reflective of whether they
are sampling grains or
cements. Size of LIBS
pits give information
about strength of cement.

MAHLI scale
resolution resolves
distribution of cement
between grains and
whether material is
grain- or matrixsupported sandstone.

Data show a
mixture of
iron oxides
and grain
compositions,
likely basaltic
for Martian
material.

Samples have
minor to
significant
amounts of iron
oxides,
composition of
cemented grains
also noteworthy
contributors.

Search for
reduced
carbon
compounds.

LIBS shots homogeneous
across sampling locations
but will become less ironrich with increasing
depth/shot number.

Grains sizes of coatings
too small to be
resolved by MAHLI.
Patchy coatings
provide information on
thickness of coatings
and nature of
underlying rocks.

Data show a
mixture of
iron oxides
and
underlying
parent rock
compositions.

Drilling will not
preserve thin
coating, delivered
sample only shows
trace amounts of
iron oxides.

Search for
reduced
carbon
compounds.
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Table 5.2: Weight % Oxides for Massive Sample
Assume all Fe is present as Fe2O3 and calculate H2O by difference. Na, Ti, Cr, P, Ba, Sr were
<0.1 in all spots and not shown on table. Locations of spots are shown on figure 5.10.
Point #
1
2
3
4
5
6

MgO
Wt %
<0.1
0.1
0.1
<0.1
0.1
1.8

Al2O3
Wt %
0.5
0.7
0.8
0.8
0.8
1.2

SiO2
Wt %
67.0
24.5
3.5
3.5
3.6
48.2

K2O
Wt %
0.1
0.6
0.1
<0.1
<0.1
7.7

CaO
Wt %
0.26
0.4
0.7
0.8
0.7
0.3

MnO
Wt %
<0.1
0.1
0.2
0.2
0.2
0.3

Fe2O3
Wt %
13.8
47.7
73.6
74.0
75.5
33.4

H2O
Wt %
18.2
25.7
20.9
20.6
18.8
7.1

Table 5.3: Weight % Oxides for Cement Samples
Assume all Fe is present as Fe2O3 and calculate H2O by difference. Cr, P, Ba, Sr were <0.1 in all

Lam.

Loc Na2O
#
Wt %
1
<0.1
2
<0.1
3
<0.1

MgO
Wt %
<0.1
0.1
<0.1

Al2O3
Wt %
1.6
0.7
0.9

SiO2
Wt %
0.5
4.2
8.1

K2O
Wt %
<0.1
<0.1
<0.1

CaO
Wt %
<0.1
0.8
0.6

MnO
Wt %
<0.1
0.2
0.3

Fe2O3
Wt %
95.5
74.8
63.8

TiO2
Wt %
1.3
<0.1
<0.1

H2O
Wt %
1.0
19.1
26.0

Roubidoux

spots and not shown on table. Locations of spot are shown on figure 5.11.

1
2
3
4
5

1.8
2.0
0.5
0.4
0.5

27.2
26.4
3.6
1.0
3.5

46.7
46.5
4.5
2.9
6.4

2.8
3.1
<0.1
<0.1
<0.1

0.4
0.4
0.1
0.1
0.2

0.1
0.1
0.1
0.1
0.3

8.7
8.1
76.2
84.6
80.3

0.6
0.6
<0.1
<0.1
<0.1

11.4
12.5
13.8
10.1
7.3

<0.1
<0.1
<0.1
<0.1
0.1
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Table 5.4: Weight % Oxides for Coated Samples
Assume all Fe is present as Fe2O3 and calculate H2O by difference. N, K, Cr, Ba, Sr were <0.1
in all spots and not shown on table. Locations of spot are shown on figure 5.13.
Loc #

MgO
Wt %

Al2O3
Wt %

SiO2
Wt %

CaO
Wt %

MnO
Wt %

Fe2O3
Wt %

TiO2
Wt %

P2O5
Wt %

H 2O
Wt %

Sample
1

1
2
3

<0.1
0.1
<0.1

1.6
0.7
0.9

0.5
4.2
8.1

<0.1
0.8
0.6

<0.1
0.2
0.3

95.5
74.8
63.8

1.3
<0.1
<0.1

<0.1
<0.1
<0.1

1.0
19.1
26.0

Sample
2

1

0.4

1.0

5.7

0.9

<0.1

81.1

<0.1

0.9

9.3
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5.9 FIGURES
Figure 5.1: Instruments on the Curiosity Mars Rover
The instruments and their locations on the Curiosity Mars Rovers. Mastcam, MAHLI, and
MARDI provide high resolution color context imagery. ChemCam, APXS, and SAM generate
compositional information. REMS and RAD reveal information about the Martian environment,
and DAN investigates the shallow subsurface. Figure from Grotzinger et al., 2012.
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Figure 5.2: Curiosity traverse in Gale Crater
Curiosity traverse (red line) from landing to sol 574. The basemap is from the Context Imager
(CTX) and data are shown on Mars Orbiting Laser Altimeter (MOLA) digital elevation map with
1.5x vertical exaggeration. North is approximately towards the lower right hand corner of the
image. The ridge and trough described in Chapter 4 are labeled.
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Figure 5.3: Sol 45 Mastcam Mosaic of Hematite Ridge
Sol 45 Mastcam R0 mosaic pointed south showing area with hematite-bearing ridge. The black
box in (A) highlights the area shown blown up in (B).
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Figure 5.4: Mastcam spectral parameter mapping of ridge
(A) Sol 475 Mastcam images of ridge, pointed south. (B) Ratio and slope images show
distinctive low 980/1013 nm ratio values an (C) high 908-1013 nm slope values for the ridge.
Figures from Johnson et al., 2014b.
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Figure 5.5: ChemCam Passive Spectra of Hematite Ridge
(A) ChemCam Remote Mast Imager (RMI) showing locations of (B) ChemCam passive spectra
collected over the hematite ridge. Location 3 (green) was collected from the ridge and shows
features that are consistent with hematite. For details and interpretations of additional spectra
shown in this figure, see Johnson et al., 2014b. Figure from Johnson et al., 2014b.
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Figure 5.6: Curiosity rover size in relationship to ridge
HiRISE context image demonstrating scale of Curiosity rover versus the ridge. The white box in
(A) is shown enlarged in (B). Curiosity is the size of the red rectangle, highlight by the red
arrow. The small size of Curiosity in comparison to the entire ridge demonstrates the importance
of wisely selecting key areas of the ridge to investigate in detail.
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Figure 5.7: Ridge accessibility
HiRISE digital elevation map based slopes (red = 20˚+, yellow = 15-20˚) and CRISM 860 nm
band depth map (green) overlain on HiRISE basemap. The area shown in the white box in (A) is
blown up in (B). Possible areas for Curiosity to cross that will be safe and near hematite-rich
outcrop are indicated by white arrows in (B).
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Figure 5.8: Iron oxide and oxyhydroxide whole rock samples
Images of whole rock iron oxide and oyxhydroxide samples showing (A) massive, (B,C)
cemented, and coated (D-G) textures. A dime is shown for scale in A-E. Specific samples
shown are (A) San Bernardino red rock, (B) Lamotte Formation sandstone, (C) Roubidoux
Formation sandstone, (D) Rio Tinto coated rock #1 exterior, (E) Rio Tinto coated rock #2
interior, (F) Rio Tinto coated rock #1 interior, (G) Rio Tinto coated rock #2 interior.
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Figure 5.9: Massive sample spectrum
(A) Reflectance spectrum from San Bernardino red rock and (B) laboratory spectral library
spectra from Morris et al., 1985 (red hematite) and Clark et al, 2003 (all others). The short
wavelength absorptions from this sample are closest to those of red hematite.
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Figure 5.10: Massive sample thin section and backscatter electron images
(A) Transmitted light thin section image of San Bernardino red rock with (B,C) backscatter
electron (BSE) images from two locations. Areas that are bright in BSE images have higher Fe
content. The sample's botryoidal texture is evident at both spatial scales. Results from element
analyses taken at numbered spots in (B,C) are shown in Table 5.2.
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Figure 5.11: XRD analysis of massive sample
XRD data from massive sample. The uppermost graph (blue) shows the original pattern fit with
goethtite and hematite (purple), while the middle graph (gray) shows the residual of this fit. The
bottom graph (black) is background subtracted and shows the separate peak positions of goethite
(pink vertical lines) and hematite (cyan vertical lines).
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Figure 5.12: Cemented sample thin section and backscatter electron image
(A) Transmitted light thin section image of Lamotte sandstone and (B) backscattered electron
(BSE) image of same area. (C) Transmitted light thin section image of Roubidoux sandstone and
(D) backscattered electron image of same area with zoom on detail showing (E) cement between
quartz grains and (F) iron rich grain Results from elemental analyses taken at numbered spots in
(B,C-F) are shown in Table 5.3 and other phases that were mapped but not recorded are
identified in red text.
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Figure 5.13: Cemented sample spectra
Reflectance spectra from two locations on (A) Lamotte and (B) Roubidoux sandstones with (C)
laboratory spectral library spectra from Morris et al., 1985 (red hematite) and Clark et al, 2003
(all others). Iron oxides clearly influence the reflectance spectra of these samples.
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Figure 5.14: Coated sample spectra
Reflectance spectra from two locations on (A) Rio Tinto 1 and (B) Rio Tionto 2 coated rocks
with (C) laboratory spectral library spectra from Morris et al., 1985 (red hematite) and Clark et
al, 2003 (all others). Iron oxides clearly influence the reflectance spectra of these samples.
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Figure 5.15: Coated sample thin section and backscatter electron image
(A, B) Transmitted light thin section image of Rio Tinto sample #1 and (C) backscattered
electron (BSE) image of same area. (D) Transmitted light thin section image of Rio Tinto
sample #2 and (E) backscattered electron image of subsetted area with (F) zoom on detail of
coatings. Results from elemental analyses taken at numbered spots in (C,E,F) are shown in Table
5.4.

133

5.10 REFERENCES CITED
Anderson, R. C. et al. (2012), Collecting Samples in Gale Crater, Mars; an Overview of the Mars
Science Laboratory Sample Acquisition, Sample Processing and Handling System, Space
Sci Rev, 170(1-4), 57–75, doi:10.1007/s11214-012-9898-9.
Bell, J. F., M. C. Malin, M. A. Caplinger, M. A. Ravine, A. S. Godber, M. C. Jungers, M. S.
Rice, and R. B. Anderson (2012), Mastcam Multispectral Imaging on the Mars Science
Laboratory Rover: Wavelength Coverage and Imaging Strategies at the Gale Crater Field
Site, Lunar and Planetary Science Conference, vol. 43, p. 2541.
Blake, D. et al. (2012), Characterization and Calibration of the CheMin Mineralogical Instrument
on Mars Science Laboratory, Space Sci Rev, 170(1-4), 341–399, doi:10.1007/s11214012-9905-1.
Campbell, J. L., G. M. Perrett, R. Gellert, S. M. Andrushenko, N. I. Boyd, J. A. Maxwell, P. L.
King, and C. D. M. Schofield (2012), Calibration of the Mars Science Laboratory Alpha
Particle X-ray Spectrometer, Space Sci Rev, 170(1-4), 319–340, doi:10.1007/s11214-0129873-5.
Clark, R. N., T. V. V. King, M. Klejwa, G. A. Swayze, and N. Vergo (1990), High Spectral
Resolution Reflectance Spectroscopy of Minerals, J. Geophys. Res., 95(B8), PP. 12,653–
12,680, doi:199010.1029/JB095iB08p12653.
Cornell, R. M., and U. Schwertmann (2006), The Iron Oxides: Structure, Properties, Reactions,
Occurrences and Uses, John Wiley & Sons.
Edgett, K. S. et al. (2012), Curiosity’s Mars Hand Lens Imager (MAHLI) Investigation, Space
Sci Rev, 170(1-4), 259–317, doi:10.1007/s11214-012-9910-4.

134

Fernández-Remolar, D. C., R. V. Morris, J. E. Gruener, R. Amils, and A. H. Knoll (2005), The
Río Tinto Basin, Spain: Mineralogy, sedimentary geobiology, and implications for
interpretation of outcrop rocks at Meridiani Planum, Mars, Earth and Planetary Science
Letters, 240(1), 149–167, doi:10.1016/j.epsl.2005.09.043.
Grotzinger, J. et al. (2012), Mars Science Laboratory Mission and Science Investigation, Space
Science Reviews, 170(1), 5–56, doi:10.1007/s11214-012-9892-2.
Grotzinger, J. P. et al. (2014), A Habitable Fluvio-Lacustrine Environment at Yellowknife Bay,
Gale Crater, Mars, Science, 343(6169), 1242777, doi:10.1126/science.1242777.
Hassler, D. M. et al. (2012), The Radiation Assessment Detector (RAD) Investigation, Space Sci
Rev, 170(1-4), 503–558, doi:10.1007/s11214-012-9913-1.
Johnson, J. R. et al. (2014a), ChemCam passive reflectance spectroscopy of surface materials at
the Curiosity landing site, Mars, Icarus, doi:10.1016/j.icarus.2014.02.028.
Johnson, J.R., J.F. Bell, A.A. Fraeman, M. Rice, O. Gasnault, E. Cloutis, S. Le Mouelic, R.C.
Wiens, and the MSL science Team. (2014b), Long-Distance Visible/Near-Infrared
Reflectance Spectroscopy with ChemCam and Mastcam Along the Curiosity Rover
Traverse, 8th Mars Conference, abstract submitted.
Lanza, N. L., S. M. Clegg, R. C. Wiens, R. E. McInroy, H. E. Newsom, and M. D. Deans
(2012), Examining natural rock varnish and weathering rinds with laser-induced
breakdown spectroscopy for application to ChemCam on Mars, Appl. Opt., 51(7), B74–
B82, doi:10.1364/AO.51.000B74.
Mahaffy, P. R. et al. (2012), The Sample Analysis at Mars Investigation and Instrument Suite,
Space Sci Rev, 170(1-4), 401–478, doi:10.1007/s11214-012-9879-z.

135

Maurice, S. et al. (2012), The ChemCam Instrument Suite on the Mars Science Laboratory
(MSL) Rover: Science Objectives and Mast Unit Description, Space Sci Rev, 170(1-4),
95–166, doi:10.1007/s11214-012-9912-2.
Mitrofanov, I. G. et al. (2012), Dynamic Albedo of Neutrons (DAN) Experiment Onboard
NASA’s Mars Science Laboratory, Space Sci Rev, 170(1-4), 559–582,
doi:10.1007/s11214-012-9924-y.
Morris, R. V., H. V. Lauer. Jr, C. A. Lawson, E. K. Gibson, G. A. Nace, and C. Stewart (1985),
Spectral and Other Physicochemical Properties of Submicron Powders of Hematite (αFe2O3), Maghemite (γ-Fe2O3), Magnetite (Fe3O4), Goethite (α-FeOOH), and
Lepidocrocite (γ-FeOOH), J. Geophys. Res., 90(B4), 3126–3144,
doi:10.1029/JB090iB04p03126.
Sharma, S. K., A. K. Misra, P. G. Lucey, R. C. Wiens, and S. M. Clegg (2007), Combined
remote LIBS and Raman spectroscopy at 8.6 m of sulfur-containing minerals, and
minerals coated with hematite or covered with basaltic dust, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 68(4), 1036–1045,
doi:10.1016/j.saa.2007.06.046.
Wiens, R. C. et al. (2012), The ChemCam Instrument Suite on the Mars Science Laboratory
(MSL) Rover: Body Unit and Combined System Tests, Space Sci Rev, 170(1-4), 167–
227, doi:10.1007/s11214-012-9902-4.

136

